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ABSTRACT
The u s e  o f  S y s t e m s  A n a l y s i s  f o r  d e s i g n i n g  an d  
e v a l u a t i n g  w e l l s  f l o w i n g  h y d r o c a r b o n  m i x t u r e s  s eems  t o  
c r e a t e  no  c o m p u t a t i o n a l  p r o b l e m s  when c o n s i d e r i n g  t h e  
i n f l o w  c o m p o n e n t s ,  i . e  r e s e r v o i r  a n d  p e r f o r a t i o n s .
Howe ve r ,  when a  g a s - c o n d e n s a t e  s y s t e m  i s  c o n s i d e r e d ,  t h e  
o u t f l o w  c o m p o n e n t  c a l c u l a t i n g  t h e  t o t a l  p r e s s u r e  l o s s e s  i n  
t h e  t u b i n g  c r e a t e s  a  c o m p u t a t i o n a l  p r o b l e m .  T h i s  
c o m p u t a t i o n a l  p r o b l e m  i n v o l v e s  t h e  e s t i m a t i o n  o f  t h e  p h a s e  
p r o p e r t i e s  o f  t h e  g a s - c o n d e n s a t e  f l u i d .  Th u s ,  t h e  f l u i d  
s y s t e m  u n d e r g o e s  p h a s e  c h a n g e s  a s  i t  moves  up t h e  t u b i n g .  
A t t e m p t s  by o t h e r  a u t h o r s  h a v e  b e e n  made t o  o v e r c o m e  t h i s  
by e i t h e r  u s i n g  a  s i n g l e - p h a s e  o r  t w o - p h a s e  f l o w  m o de l .
The  s i n g l e - p h a s e  f l o w  model  a d j u s t s  t h e  d r y  g a s  s p e c i f i c  
g r a v i t y  by a d d i n g  t h e  c o n d e n s a t e  f l u i d  i n t o  t h e  g a s  s t r e a m .  
T h i s  model  i s  a d e q u a t e  f o r  w e l l s  p r o d u c i n g  s m a l l  a m o u n t s  o f  
c o n d e n s a t e .  At  t i m e s ,  c o n d e n s a t e  p r o d u c t i o n  c a n  be q u i t e  
h i g h  i m p l y i n g  d i s t i n c t i v e  f l o w  r e g i m e s  ( s l u g ,  t r a n s i t i o n ,  
a n d  m i s t )  a r e  p r e s e n t .  C o n s e q u e n t l y ,  a  t w o - p h a s e  model  i s  
n e e d e d  t o  a d e q u a t e l y  model  t h e s e  t y p e s  o f  f l o w .  The p h a s e  
p r o p e r t i e s  i n  t h e  t w o - p h a s e  f l o w  m o d e l s  a l r e a d y  a v a i l a b l e ,  
a r e  c o m p u t e d  a s s u m i n g  t h e  l i q u i d  p h a s e  b e h a v e s  a s  a  " b l a c k  
o i l " .  Bu t  c o n d e n s a t e  f l u i d s  an d  " b l a c k  o i l s "  p o s s e s s  
d i s t i n c t i v e  d i f f e r e n c e s ,  i n  t h a t  " b l a c k  o i l s "  e v o l v e  g a s  
d u r i n g  p r e s s u r e  r e d u c t i o n  a n d  c o n d e n s a t e  f l u i d s  a r e  
c o n d e n s e d  f ro m t h e  gas  p h a s e  d u r i n g  p r e s s u r e  r e d u c t i o n .  
T h u s ,  a  me t hod  i s  n e e d e d  f o r  p r e d i c t i n g  p r e s s u r e  l o s s e s  
when c o n d e n s a t e  f l u i d s  f l o w  t h r o u g h  p i p e s ,  w h e r e  PVT 
p r o p e r t i e s  a r e  e v a l u a t e d  u s i n g  a  c o n d e n s a t i o n  mo d e l .
I t  was d e c i d e d  t h a t  a  c o m p o s i t i o n a l  model  was t h e  b e s t  
a p p r o a c h  t o  p r e d i c t  p r e s s u r e  l o s s e s  f o r  c o n d e n s a t e  f l u i d s  
f l o w i n g  i n  v e r t i c a l  p i p e s .  PVT p r o p e r t i e s  w e r e  c o m p u t e d  
u s i n g  b o t h  t h e  S o a v e - R e d 1i c h - K w o n g  and  P e n g - R o b i n s o n  
e q u a t i o n s  o f  s t a t e .  T h u s ,  a  k n o w l e d g e  o f  t h e  a c t u a l  f l o w  
s t r e a m  c o m p o s i t i o n  n o r m a l i z e s  t h e  e q u a t i o n  o f  s t a t e  u s e d .
XIV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
w h i c h  c a n  t h e n  p r e d i c t  t h e  l i q u i d / g a s  p r o p e r t i e s  a t  a n y  
p r e s s u r e  a n d  t e m p e r a t u r e .  P r e s s u r e  g r a d i e n t s  a l o n g  t h e  
t u b i n g  s t r i n g  w e r e  a p p r o x i m a t e d  u s i n g  e x i s t i n g  t w o - p h a s e  
f l o w  c o r r e l a t i o n s  ( H a g e d o r n  a n d  Brown,  Duns  a n d  R o s ,  
O r k i s z e w s k i ,  a n d  G r a y )  w i t h  t h e  c o m p o s i t i o n a l  model  
r e p l a c i n g  t h e  PVT p r o p e r t y  c a l c u l a t i o n s .  A c t u a l  c a s e  
h i s t o r i e s  w e r e  u s e d  t o  t e s t  t h e  mode l  by m a t c h i n g  t h e s e  
m e a s u r e d  f l o w i n g  p r e s s u r e  t r a v e r s e s .
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CHAPTER I 
I n t r o d u c t i o n
The S y s t e m s  A n a l y s i s  a p p r o a c h  ( f u r t h e r  e x p l a n a t i o n  o f  
t h e  S y s t e m s  A n a l y s i s  a p p r o a c h  i s  e x p l a i n e d  i n  c h a p t e r  3)  
f o r  d e s i g n i n g  an d  e v a l u a t i n g  o i l  a n d  g a s  w e l l s  h a s  p r o v e n  
i t s  m e r i t  a s  i n d i c a t e d  by r e s e a r c h e r s  i n  t h i s  f i e l d .  T h e s e  
r e s e a r c h e r s  f e e l  t h e  d e s i g n  a n d  e v a l u a t i o n  of  
g a s - c o n d e n s a t e  w e l l s  c a n  a l s o  be  a p p r o x i m a t e d  u s i n g  t h i s  
a p p r o a c h .  Howe ve r ,  t h e  S y s t e m s  A n a l y s i s  a p p r o a c h  
e n c o u n t e r s  a  d i f f i c u l t y  when d e s i g n i n g  a n d  e v a l u a t i n g  
g a s - c o n d e n s a t e  w e l l s ;  t h e  p r o b l e m  o f  p r e d i c t i n g  t h e  
t w o - p h a s e  p r e s s u r e  t r a v e r s e s  ( p r e s s u r e  l o s s e s  i n  t h e  
t u b i n g ) .
One m e t h od  o f  e s t i m a t i n g  t h e  t w o - p h a s e  p r e s s u r e  
t r a v e r s e s  a s s o c i a t e d  w i t h  g a s - c o n d e n s a t e  w e l l s  i s  t o  u s e  a  
s i n g l e  p h a s e  f l o w  m o d e l ^ ^ u l l e n d e r  a n d  S m i t h ,  19563 
( c o n d e n s a t e  a d d e d  i n t o  t h e  g a s  s t r e a m ) .  Howe ve r ,  t h i s  
model  i s  o f t e n  i n a d e q u a t e  b e c a u s e  o f  t h e  i n c r e a s e  i n  
p r e s s u r e  d r o p  a r i s i n g  f r o m  l i q u i d  h o l d u p .  L i q u i d  h o l d u p  i s  
more  p r o n o u n c e d  i n  w e l l s  w i t h  l o w e r  g a s  r a t e s ;  t h e r e f o r e ,  
t h e  s i n g l e  p h a s e  f l o w  mode l  i s  a d e q u a t e  f o r  g a s - c o n d e n s a t e  
w e l l s  w i t h  h i g h  g a s  r a t e s  a n d  low c o n d e n s a t e  y i e l d s .  The 
s i n g l e  p h a s e  f l o w  mode l  i s  a l s o  i n a d e q u a t e  f o r  p r e d i c t i n g  
p r e s s u r e  t r a v e r s e s  f o r  g a s - c o n d e n s a t e  w e l l s  p r o d u c i n g  
w a t e r .
As w i l l  be  m e n t i o n e d  l a t e r  i n  t h i s  s t u d y ,  many 
c o r r e l a t i o n s  h a v e  b e e n  d e v e l o p e d  f o r  p r e d i c t i n g  t w o - p h a s e  
f l o w  p r e s s u r e  t r a v e r s e s .  The  c o r r e l a t i o n s  d i f f e r  by t h e  
p r o c e d u r e  u s e d  i n  e v a l u a t i n g  t h e  t h r e e  c o m p o n e n t s  
( a c c e l e r a t i o n ,  f r i c t i o n ,  a n d  e l e v a t i o n )  w h i c h  d e f i n e  t h e  
t o t a l  p r e s s u r e  g r a d i e n t .  Some c o r r e l a t i o n s  w e r e  b a s e d  u p o n  
t h e  a s s u m p t i o n  t h a t  t h e  v a p o r  a n d  l i q u i d  p h a s e s  t r a v e l  a t  
t h e  same v e l o c i t y  ( no  s l i p p a g e  b e t w e e n  p h a s e s )  f o r  
e v a l u a t i o n  o f  a  m i x t u r e  d e n s i t y  a n d  t w o - p h a s e  f r i c t i o n  
f a c t o r .  O t h e r s  e s t i m a t e  t h e  l i q u i d  h o l d u p  a n d  f r i c t i o n
- 1 -
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f a c t o r  t h r o u g h  e x p e r i m e n t a l  c o r r e l a t i o n s .  I f  f u r t h e r  
e x p e r i m e n t a t i o n  i s  d o n e ,  t h e  f l o w  c o n d i t i o n s  c a n  be  d i v i d e d  
i n t o  d i s t i n c t i v e  p a t t e r n s  o r  f l o w  r e g i m e s .  T h u s ,  s e p e r a t e  
c o r r e l a t i o n s  c a n  be  d e v e l o p e d  f o r  e a c h  o f  t h e s e  f l o w  
r e g i m e s .
In " b l a c k  o i l "  s y s t e m s ,  t h e  g a s  comes  o u t  o f  s o l u t i o n  
a s  p r e s s u r e  d e c r e a s e s .  T h i s  phenomenon  o n l y  o c c u r s  a f t e r  
t h e  b u b b l e  p o i n t  o f  t h e  f l u i d  i s  r e a c h e d .  In  a  
g a s - c o n d e n s a t e  s y s t e m ,  l i q u i d s  c o n d e n s e  o u t  o f  t h e  gas  
p h a s e  w i t h  d e c r e a s i n g  p r e s s u r e .  I f  t h e  t e m p e r a t u r e  i s  h e l d  
c o n s t a n t  i n  t h e  g a s - c o n d e n s a t e  s y s t e m ,  a  f u r t h e r  r e d u c t i o n  
i n  p r e s s u r e  may c a u s e  a l l  o f  t h e  l i q u i d s  t o  c h a n g e  i n t o  a  
g a s  p h a s e  a g a i n .  However ,  f l u i d s  f l o w i n g  i n  v e r t i c a l  
t u b i n g  f rom g a s - c o n d e n s a t e  w e l l s  do n o t  p o s s e s s  i s o t h e r m a l  
q u a l i t i e s  w h i l e  f l o w i n g  i n  v e r t i c a l  p i p e s ;  t h u s ,  t h e  
p o s s i b i l i t y  o f  a l l  l i q u i d s  c h a n g i n g  b a c k  i n t o  a  g a s  p h a s e  
i s  g r e a t l y  r e d u c e d .  Wi t h  a  r e d u c t i o n  o r  i n c r e a s e  i n  
p r e s s u r e ,  t h e  p o s s i b i l i t y  s t i l l  e x i s t s  t h a t  some o f  t h e  
l i q u i d s  may c h a n g e  i n t o  a  g a s  p h a s e .  T h e r e f o r e ,  t h e s e  
c h a n g e s  i n  t h e  f l u i d ’ s s t a t e  mu s t  be  a c c o u n t e d  f o r  when 
p r e d i c t i n g  t h e  f l o w i n g  g r a d i e n t  f o r  t h e  w e l l .
In t h i s  s t u d y ,  a  c o m p o s i t i o n a l  o r  e q u a t i o n - o f - s t a t e  
model  i s  u s e d  t o  c o m p u t e  t h e  PVT p r o p e r t i e s  f o r  a  
g a s - c o n d e n s a t e  f l u i d .  Usa ge  o f  e q u a t i o n s  o f  s t a t e  t o  
d e s c r i b e  t h e  p h a s e  b e h a v i o r  o f  g a s - c o n d e n s a t e  f l u i d s  ga v e  
b e t t e r  r e s u l t s  s i n c e  t h e  e s t i m a t i o n  o f  e q u i l i b r i u m  r a t i o s  
s eem good .  Two e q u a t i o n s  o f  s t a t e  u s e d  i n  t h i s  s t u d y  were  
t h e  S o a v e - R e d 1ic h -Kwong  (SRK) a nd  P e n g - R o b i n s o n  (PR) 
e q u a t i o n s  o f  s t a t e .  Wi t h  t h e  k n o w l e d g e  o f  t w o - p h a s e  f l o w  
c o r r e l a t i o n s ,  e q u a t i o n s  o f  s t a t e ,  a n d  t h e  g e n e r a l  e n e r g y  
e q u a t i o n ,  a  c o m p o s i t i o n a l  model  c a n  be  c r e a t e d  t o  c a l c u l a t e  
p r e s s u r e  t r a v e r s e s  f o r  f l u i d s  f l o w i n g  i n  g a s - c o n d e n s a t e  
w e l l s .  T h e r e f o r e ,  h a v i n g  a  a c c u r a t e  d e s c r i p t i o n  f o r  t h e  
t u b i n g  c u r v e s ,  d e s i g n  an d  e v a l u a t i o n  o f  g a s - c o n d e n s a t e  
w e l l s  u s i n g  t h e  S y s t e m s  A n a l y s i s  a p p r o a c h  c a n  be
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CHAPTER I I 
L i t e r a t u r e  S u r v e y
I t  w i l l  b e  m e n t i o n e d  l a t e r  t h a t  p r i o r  work  was  d o n e  
d e v e l o p i n g  a  s o f t w a r e  p a c k a g e  f o r  T e n n e c o  O i l  a n d  
P r o d u c t i o n  Company.  T h i s  s o f t w a r e  p a c k a g e  o p t i m i z e s  t h e  
d e s i g n  o f  o i l  a n d  g a s  w e l l  c o m p l e t i o n s  u s i n g  t h e  S y s t e m s  
A n a l y s i s  a p p r o a c h .  S y s t e m s  A n a l y s i s  i s  t h e  p r o c e d u r e  f o r  
d e t e r m i n i n g  t h e  e f f e c t  o f  e a c h  c o m p o n e n t  i n  t h e  p r o d u c t i o n  
s y s t e m  on t h e  t o t a l  s y s t e m  p e r f o r m a n c e .  The  p r o c e s s  o f  
S y s t e m s  a n a l y s i s  w i l l  be  e l a b o r a t e d  on  i n  c h a p t e r  3 .
From t h i s  p r i o r  w o r k ,  i t  was c o n c l u d e d  t h a t  some o f  
t h e  i n d i v i d u a l  c o m p o n e n t s  i n  t h e  p r o d u c t i o n  s y s t e m  c r e a t e d  
no c o m p u t a t i o n a l  p r o b l e m s  when e v a l u a t i n g  d i f f e r e n t  
h y d r o c a r b o n  m i x t u r e s  s u c h  a s  n a t u r a l  g a s e s ,  w a t e r ,  
g a s - c o n d e n s a t e s ,  a n d  o i l s .  Howe ve r ,  when e v a l u a t i n g  t h e  
p r e s s u r e  l o s s e s  i n  t h e  t u b i n g  s t r i n g  f o r  a  g a s - c o n d e n s a t e  
w e l l ,  a  c o m p u t i o n a l  p r o b l e m  was  e n c o u n t e r e d .  T h i s  
c o m p u t a t i o n a l  p r o b l e m  i n v o l v e d  t h e  e s t i m a t i o n  o f  t h e  p h a s e  
p r o p e r t i e s  o f  t h e  g a s - c o n d e n s a t e  f l u i d .  The  e x i s t i n g  
c o r r e l a t i o n s  u s e d  i n  p r e d i c t i n g  p r e s s u r e  l o s s e s  i n  v e r t i c a l  
p i p e s ,  c a l c u l a t e  f l u i d  p r o p e r t i e s  b a s e d  on a  s i n g l e  g a s  
p h a s e  o r  " b l a c k  o i l "  mode l  ( g a s  e v o l v i n g  f r om  o i l )  when two 
p h a s e s  a r e  p r e s e n t .  T h e r e f o r e ,  a  p r o c e d u r e  i s  n e e d e d  f o r  
p r e d i c t i n g  p r e s s u r e  l o s s e s  when g a s  a n d  c o n d e n s a t e  ( a  
l i q u i d  c o n d e n s a t i o n  p h e n o me n a )  f l u i d s  f l o w  t h r o u g h  v e r t i c a l  
p i p e s ,  w i t h  t h e  f l u i d  p r o p e r t i e s  b e i n g  e v a l u a t e d  u s i n g  a  
c o n d e n s a t i o n  a p p r o a c h .  Knowi ng  t h e  p r e s s u r e  l o s s e s  f o r  t h e  
g a s - c o n d e n s a t e  w e l l ,  a  p r e s s u r e  t r a v e r s e  w i t h  d e p t h  c a n  be  
c a l c u l a t e d .
When r e v i e w i n g  t h e  l i t e r a t u r e  c o n c e r n i n g  p r e s s u r e  l o s s  
p r e d i c t i o n  f o r  g a s - c o n d e n s a t e  w e l l s ,  t h e  i n t e n t i o n  was t o  
s e e k  a n y  t w o - p h a s e  f l o w  c o r r e l a t i o n s  u s e d  t o  p r e d i c t  
p r e s s u r e  g r a d i e n t s  f o r  g a s - c o n d e n s a t e  f l u i d s .  One s u c h  
c o r r e l a t i o n  was f o u n d .  T h i s  c o r r e l a t i o n  was  d e v e l o p e d  by 
H.E.  G r a y  [ d a t e  unknown]  o f  S h e l l  Gi l  Company.  U s i n g  a
—A —
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s u i t a b l e  p r o c e d u r e  ( s e e  c h a p t e r  6  f o r  t h e  g e n e r a l  e q u a t i o n  
t o  p r e d i c t  p r e s s u r e  l o s s e s  f o r  t w o - p h a s e  f l o w  i n  v e r t i c a l  
p i p e s )  f o r  p r e d i c t i n g  p r e s s u r e  l o s s e s  i n  v e r t i c a l  p i p e s  
when two p h a s e s  a r e  f l o w i n g ,  G r a y  s t a t e d  f r om d i m e n s i o n a l  
a n a l y s i s  a n d  s e l e c t e d  l a b o r a t o r y  t e s t s ,  t h a t  t h r e e  
p a r a m e t e r s  w i l l  i n f l u e n c e  h o l d u p  i n  g a s - c o n d e n s a t e  w e l l s .  
T h e s e  p a r a m e t e r s  w e r e  g i v e n  a s  ;
fmV^m
Nv = g % ( P i  -  Pg) '
g(p, - p g )02
Nd = ------------------   ( 2 . 2 )"  'm
^ s o  *  ^sw
w h e r e
K =
' ' s g
"g g a s  d e n s i t y
•Pi l i q u i d  d e n s i t y
Pm m i x t u r e  d e n s i t y
In m i x t u r e  s u r f a c e t e n s i o n
D p i p e  d i a m e t e r
' ' sg =: s u p e r f i c i a l  ga s v e l o c i t y
' ' so s u p e r f i c i a l  o i l v e 1 o c i t y
' ' sw = s u p e r f i c i a l  w a t e r  v e l o c i t y
' ' sm s u p e r f i c i a l  m i x t u r e  v e l o c i t y
( 2 . 3 )
From t h e  a b o v e  t h r e e  p a r a m e t e r s ,  a  c o r r e l a t i o n  f o r  t h e  
v o l u m e  f r a c t i o n  o f  g a s  was o b t a i n e d  f r om  a n a l y s i s  o f  f i e l d  
d a t a .  The  f o l l o w i n g  e q u a t i o n  d e f i n e s  t h e  v o l u m e  f r a c t i o n  
o f  g a s  a s :
e x p
i  =  R + 1 ( 2 ' 4 )
w h e r e
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B = 0 . 0 8 1 4  [l -  0 . 0 5 5 4  In [l + ] ]  ( 2 . 5 )
When d e v e l o p i n g  t h e  a b o v e  c o r r e l a t i o n ,  G r a y  knew t h a t  
t h e r e  was  o n l y  r u d i m e n t a r y  k n o w l e d g e  o f  s y s t e m  p h a s e  
b e h a v i o r  f o r  g a s - c o n d e n s a t e  f l u i d s .  Wi t h  t h i s  i n  mind,  
d a t a  on a  few s y s t e m s  w e r e  u s e d  t o  b u i l d  a  s i m p l i f i e d  
e m p i r i c a l  model  o f  t h e  r e t r o g r a d e  phenomenon  r e q u i r i n g  o n l y
s p e c i f i c  g r a v i t y ,  p r e s s u r e ,  an d  t e m p e r a t u r e  d a t a ^ ^ i l e r t s ,
e t  a l . ,  1 955 ]  T h e r e f o r e ,  t h e  PVT p r o p e r t i e s  w e r e  c o mp u t e d  
u s i n g  t h i s  model  i n s t e a d  o f  t h e  " b l a c k  o i l "  model  emp l o y e d  
i n  e x i s t i n g  t w o - p h a s e  f l o w  c o r r e l a t i o n s .  A l s o  some me t hod  
was n e e d e d  f o r  e s t i m a t i n g  t h e  i n t e r f a c i a l  t e n s i o n .  B a s e d  
on d a t a  f r om K a t z  [ 1 9 5 9 3 ,  t h e  f o l l o w i n g  a p p r o x i m a t i o n s  w e r e  
d e v e 1 o p e d  :
Tq = 0 . 0 4 4  -  l . S x l O ' ^ T
PU -  P , 2 . 5d
( 2 . 6 )Py -  2120
•r„ = [ 2 . 1 1 5  - 0.  1 1 9 1 n ( P )  ] ( 0 .  174 -  2 . 0 9 x l 0 " ^ T )
(2 .  7)
w h e r e
P j  H d e w p o i n t  p r e s s u r e  
P = p r e s s u r e  
T = t e m p e r a t u r e ,
A c c o r d i n g  t o  t h e  r e g r e s s i o n  a n a l y s i s  p e r f o r m e d  i n  
d e v e l o p i n g  E q u a t i o n  2 . 4 ,  a  s u i t a b l e  p s e u d o  s u r f a c e  
t e n s i o n  f o r  w a t e r  an d  o i l  m i x t u r e s  was f o u n d  t o  b e :
' m^ =
9o'^o + 0 ' 6 1 7 q w i ^  
9o + 0 . 6 1 7 q „ ( 2 . 8 )
w h e r e
q^ = o i l  f l o w  r a t e  
q„  = w a t e r  f l o w  r a t e
So w i t h  t h e  a b o v e  p a r a m e t e r s ,  t h e  p r e s s u r e  l o s s  due  t o
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e l e v a t i o n  c a n  b e  a p p r o x i m a t e d .
The n e x t  a p p r o x i m a t i o n  Gr a y  c o n s i d e r e d  i n  h i s  m e t h o d  
was t h e  p r e s s u r e  l o s s e s  d u e  t o  f r i c t i o n .  The  model  Gray  
a d o p t e d  f o r  f r i c t i o n  l o s s  was  t h e  m o d i f i e d  D a r c y - W e i s b a c h  
e x p r e s s i o n  w h e r e  t h e  f l o w  i s  a s s u m e d  t o  b e  w i t h i n  t h e  
t u r b u l e n t  r a n g e .  T h i s  e x p r e s s i o n  w i l l  b e  d i s c u s s e d  i n  
c h a p t e r  6 . When u s i n g  t h i s  e x p r e s s i o n ,  t h e  f r i c t i o n a l  
l o s s e s  a r e  w h o l l y  d e p e n d e n t  on a  s u i t a b l e  d e f i n i t i o n  o f  a  
t w o - p h a s e  f r i c t i o n  f a c t o r .  G r ay  u s e d  t h e  e q u a t i o n  
d e v e l o p e d  by  C o l e b r o o k  a n d  W h i t e  ( c h a p t e r  6 ) f o r  c o m p u t i n g  
t h e  f r i c t i o n  f a c t o r .  He r e d e f i n e d  t h e  a b s o l u t e  r o u g h n e s s  
t o  some p s e u d o  v a l u e  when two p h a s e s  f l o w e d  t h r o u g h  t h e  
p i p e .  The p s e u d o  w a l l  r o u g h n e s s  h a s  b e e n  c a l c u l a t e d  f r om a  
m o d i f i e d  Weber  number  t y p e  c o r r e l a t i o n  a n d  b o u n d e d  t o  f i t  
f i e l d  o b s e r v a t i o n  a s  d e t e r m i n e d  f rom r e g r e s s i o n  a n a l y s i s .  
G r a y  p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n s  f o r  c o m p u t i n g  t h e  
p s e u d o  w a l l  r o u g h n e s s :
2 8 . 5  — 2
fm^sm
e = e . * r [ 4 -
R > 0 . 0 0 7  ( 2 . 9 )
R < 0 . 0 0 7  ( 2 . 1 0 )^  ^ " I  0 . 0 0 0 7  
w h e r e
€g = a b s o l u t e  r o u g h n e s s  f o r  d r y  g a s  f l o w
Howe ve r ,  t h e  p s e u d o  w a l l  r o u g h n e s s  i s  b o u n d e d  by  t h e  
f o l l o w i n g  l i m i t :
e = 2 . 7 7 x 1 0 “ ®; f o r  0  < R i  w
T h e r e f o r e ,  a  r e a s o n a b l e  v a l u e  f o r  f r i c t i o n  f a c t o r  was 
c o m p u t e d  when two p h a s e s  f l o w e d  t h r o u g h  t h e  v e r t i c a l  t u b i n g  
i n  g a s - c o n d e n s a t e  s y s t e m s .
Gr ay  n o t e d  f r om  t h e  f o r m u l a t i o n  o f  E q u a t i o n  2 . 4 ,  t h a t  
t h e  l i q u i d  h o l d u p  i s  n e a r  e q u i l i b r i u m  ( no  s l i p p a g e )  v a l u e .  
He f e l t  t h i s  was a t t r i b u t e d  t o  t h e  low i n t e r f a c i a l  t e n s i o n  
b e t w e e n  p h a s e s  f o r  g a s - c o n d e n s a t e  s y s t e m s .  H o w e v e r ,  a t  low
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g a s  v e l o c i t i e s ,  t h e  l i q u i d  h o l d u p  t e n d e d  t o  a p p r o a c h  t h e  
v a l u e s  o b s e r v e d  i n  a i r / w a t e r  s y s t e m s .  T h u s ,  G r a y ’ s 
c o r r e l a t i o n  i s  l i m i t e d  t o  p r e d i c t i n g  t h e  p r e s s u r e  l o s s e s  
f o r  o n l y  o n e  f l o w  r e g i m e .  T h i s  f l o w  r e g i m e  i s  m i s t  f l o w  i n  
w h i c h  t h e  g a s  a n d  l i q u i d  f l o w  a t  t h e  same v e l o c i t i e s .  A l s o  
G r a y  p l a c e d  some l i m i t a t i o n s  on h i s  c o r r e l a t i o n .  He f e l t  
t h a t  t h e  c a l c u l a t i o n  p r o c e d u r e  c o n t a i n e d  p a r t i c u l a r  a r e a s  
i n  w h i c h  t h e  a v a i l a b l e  s u p p o r t i n g  d a t a  was c o n s i d e r e d  
s k e t c h y .  T h i s  i n c l u d e d  f l o w  v e l o c i t i e s  a b o v e  50  f e e t  p e r
s e c o n d ,  t u b i n g  s i z e s  a b o v e  3 z  i n c h e s  n o m i n a l ,  c o n d e n s a t e  
r a t i o s  a b o v e  5 0  b a r r e l s  p e r  MMSCF, a n d  w a t e r  r a t i o s  a b o v e  5 
b a r r e l s  p e r  MMSCF. A l t h o u g h  G r a y ’ s c o r r e l a t i o n  p r o v e d  t o  
be  a d e q u a t e  when t e s t e d ,  t h e  v a l i d i t y  o f  h i s  me t h o d  i s  
s u s p e c t .  N o t h i n g  h a s  b e e n  p u b l i s h e d  on h i s  me t h od  i n  a n y  
j o u r n a l s  o r  a r t i c l e s  p e r t a i n i n g  t o  t h e  p e t r o l e u m  i n d u s t r y .  
The r e a s o n  f o r  t h i s  was a  h o l d i n g  r e s t r i c t i o n  p l a c e d  on h i s  
work  by  h i s  e m p l o y e r .  C o n s e q u e n t l y ,  t h e  a c t u a l  f o r m u l a t i o n  
o f  t h e  c o r r e l a t i o n s  u s e d  by  G r a y  a r e  n o t  a v a i l a b l e  f o r  
v e r f i c a t i o n  by  o t h e r  r e s e a r c h e r s ,  b u t  a r e  o n l y  a v a i l a b l e  a s  
a  c o m m e r c i a l  c o m p u t e r  p r o g r a m .
F i n d i n g  d e t a i l e d  i n f o r m a t i o n  a b o u t  G r a y ’ s  c o r r e l a t i o n  
p r o v e d  t o  be  h o p e l e s s ,  a n d  i t  was t h e n  d e c i d e d  t o  e m p lo y  
a n o t h e r  p r o c e d u r e  f o r  c a l c u l a t i n g  t h e  p r e s s u r e  l o s s e s  of  
f l o w i n g  g a s - c o n d e n s a t e  f l u i d s  t h r o u g h  v e r t i c a l  p i p e s .  One 
s u c h  e f f o r t  e m p l o y e d  t h e  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  
[ A r n o n d i n ,  e t  a l . ,  I 9 6 0 ]  The a u t h o r s  o f  t h i s  p a p e r  
s u g g e s t e d  t h e  g a s  s p e c i f i c  g r a v i t y  be  c o r r e c t e d  t o  a c c o u n t  
f o r  t h e  l i q u i d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
Rg Vg + 4 5 8 4  yg 
’ wg = Rg + 1 3 2 , 8 0 0 V o / M o  ( 2 . 1 1 )
w h e r e
y„g B  w e l l  s t r e a m  g a s  g r a v i t y
Mq = m o l e c u l a r  w e i g h t  o f  c o n d e n s a t e
Vg B  s p e c i f i c  g r a v i t y  o f  g a s
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Vq = s p e c i f i c  g r a v i t y  o f  c o n d e n s a t e
Rg = s u r f a c e  p r o d u c i n g  g a s - o i l  r a t i o  ( s c f / s t b )
E q u a t i o n  2 . 1 1  i s  t h e  r e s u l t  o f  a  c h a r t  d e v e l o p e d  by  R z a s a  
a n d  K a t z  [ 1 9 4 5 ]  r e l a t i n g  t h e  r a t i o  o f  w e l l  f l u i d  g r a v i t y  
( a s  a  v a p o r ) ,  t o  t h e  s u r f a c e  g a s  g r a v i t y  a n d  t h e  b a r r e l s  o f  
c o n d e n s a t e  p r o d u c e d  p e r  MMSCF o f  s u r f a c e  g a s .  When t h e  
m o l e c u l a r  w e i g h t  o f  t h e  c o n d e n s a t e  i s  n o t  known,  i t  c a n  be  
e s t i m a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  a s  p r o p o s e d  by 
C r a g o e  [ 1 9 2 9 3 :
'  ^APl -  5 . 9
o r
4 4 .  29 Vq
” o == 1 . 0 3  -  Vq ( 2 . 1 3 )
w h e r e
'■'API = o i l  g r a v i t y  i n  d e g r e e s  API w h i c h  i s  d e f i n e d  
u s i n g  t h e  s p e c i f i c  g r a v i t y  o f  o i l  a s :
°API = 1 4 1 . 5 / y g  -  1 3 1 . 5
The a u t h o r s  a l s o  s t a t e d  t h a t  t h e  g a s  f l o w  r a t e  m u s t  a l s o  be
a d j u s t e d  f o r  t h e  p r e s e n c e  o f  l i q u i d s  i n  t h e  f l o w  s t r e a m .
The y  s u g g e s t e d  t h a t  t h e  p r o d u c e d  c o n d e n s a t e  b e  a d d e d  t o  t h e  
p r o d u c e d  d r y  g a s  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
133 ,  037
GEo = ----------   ( 2 . 1 4 )
w h e r e  GEq i s  t h e  g a s - e q u i v a l e n t  o f  c o n d e n s a t e  i n  s c f / s t b .
The  t o t a l  g a s  f l o w r a t e  i s  t h e n  g i v e n  by t h e  f o l l o w i n g  
e x p r e s s i o n :
9wg = 9g + GE^q^ ( 2 . 1 5 )
w h e r e
q^g  = w e l l  s t r e a m  g a s  f l o w  r a t e
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The a b o v e  e q u a t i o n s  d e f i n i n g  t h e  g a s - e q u i v a l e n t  o f  
c o n d e n s a t e  (GE^) a s s u m e  t h a t  s t a n d a r d  c o n d i t i o n s  a r e  1 4 . 7
p s i a  an d  60  . T h e r e f o r e ,  t h i s  e q u a t i o n  c a n  b e  r e w r i t t e n
i n  t h e  f o l l o w i n g  ma n n e r  a s :
GEo =
3 50 .  5 Vj. 1 0 . 7 3 T s c
( 2 . 1 6 )
s c
U s i n g  t h i s  c o r r e c t i o n  f o r  t h e  w e l l  s t r e a m  g a s  r a t e  makes 
l i t t l e  d i f f e r e n c e  i n  w e l l s  p r o d u c i n g  a t  h i g h  GOR’ s ,  b u t  
d o e s  make a  d i f f e r e n c e  i n  w e l l s  p r o d u c i n g  l a r g e  v o l u m e s  o f  
c o n d e n s a t e .  Wa t e r  was n e g l e c t e d  i n  t h e  f l o w  r a t e  
a d j u s t m e n t  s i n c e  m o s t  o f  p r o d u c e d  w a t e r  i s  i n  l i q u i d  form 
i n s t e a d  o f  v a p o r  f o r m .  T h i s  a s s u m p t i o n  w i l l  l a t e r  p r o v e  
t o  be  e r r o n o u s  when a  d i s c u s s i o n  o f  t h e  r e s u l t s  f r o m t h i s  
s t u d y  i s  p r e s e n t e d .
A p a p e r  p r e s e n t e d  a t  t h e  1986 SPE c o n v e n t i o n  i n  New 
O r l e a n s ,  i n c l u d e d  t h e  e f f e c t s  o f  w a t e r  p r o d u c t i o n  w i t h  g a s  
C P e f f e r ,  e t  a l . ,  19863 .  The  me t h o d  p r o p o s e d  i n  t h i s  p a p e r  
a d j u s t e d  t h e  g as  s p e c i f i c  g r a v i t y  u s i n g  two a p p r o a c h e s .  
F i r s t ,  t h e y  s u g g e s t e d  t h a t  V i t t e r ’ s e q u a t i o n  [19423  be 
u s e d .  I t  i s  e x p r e s s e d  a s :
*^ wg
RL>'g + 4591 >L 
Rl  + 1123 ( 2 . 1 7 )
w h e r e
~  a v e r a g e  l i q u i d  ( c o n d e n s a t e  p l u s  w a t e r )  s p e c i f i c  
g r a v i t y
R^ = p r o d u c i n g  g a s - l i q u i d  r a t i o  ( s c f / s t b )
A n o t h e r  me t hod  u s e d  i n  t h e i r  s t u d y  was e x p r e s s e d  a s :
Vg + 4584 ‘w .
'wg
1 + 132
f ?o
»800 1^ RgMo 18R w J
( 2 . 18)
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w h e r e  i s  t h e  p r o d u c i n g  g a s - w a t e r  r a t i o  i n  s c f / s t b .  The
g a s  f l o w  r a t e  was a d j u s t e d  i n  a  s i m i l a r  ma nne r  u s i n g  
E q u a t i o n  2 . 1 5 ;  h o w e v e r ,  w a t e r  a g a i n  was n o t  i n c l u d e d  i n  t h e  
g a s  f l o w  r a t e  a d j u s t m e n t .
The  a u t h o r s  a l s o  f e l t  t h a t  t h e  f r i c t i o n  f a c t o r  a n d  
a b s o l u t e  r o u g h n e s s  e m p l o y e d  by  C u l l e n d e r  a n d  S m i t h  w e r e  t o o  
low f o r  m o s t  p r o d u c i n g  g a s  w e l l s .  They  f e l t  t h a t  t h e  h i g h e r  
f r i c t i o n  l o s s e s  i n d i c a t e d  by  t h e i r  d a t a  c o u l d  b e  due  t o  
s c a l e  d e p o s i t s ,  c o r r o s i o n ,  s a n d  p i t t i n g ,  e t c .  The f r i c t i o n  
f a c t o r  was  d e t e r m i n e d  d i r e c t l y  u s i n g  a  c o r r e l a t i o n  a s  
p r o p o s e d  by  N i k u r a d s e  [ 1 9 3 2 ]  w h i c h  was d e r i v e d  f r o m s a n d  
g r a i n  e x p e r i m e n t s .  The e q u a t i o n  i s  e x p r e s s e d  a s :
v / T
= 1 . 7 4  -  2 l o g
m
( 2 . 1 9 )
T h i s  c o r r e l a t i o n  i s  c o n s i d e r e d  t h e  b e s t  a v a i l a b l e  f o r  
f u l l y  r o u g h  w a l l  p i p e .  The v a l u e  o f  a b s o l u t e  r o u g h n e s s  
(Eg)  e m p l o y e d  i n  t h e i r  s t u d y  was 0 . 0 0 1 8  i n c h e s .  T h i s
s ee me d  t o  be  m o s t  r e p r e s e n t a t i v e  i n  t h e  g a s  w e l l s  t h e y  
c o n s i d e r e d .
T h e s e  a u t h o r s  a c q u i r e d  t h e i r  d a t a  a n d  c o m p a r e d  t h e i r  
r e s u l t i n g  p r e s s u r e  g r a d i e n t s  t o  a  m e t h o d  p r o p o s e d  by 
r e s e a r c h e r s  o f  a  t w o - p h a s e  f l o w  c o r r e l a t i o n ^ G o v i e r  a n d  
F o g a r a s i ,  197 5 ]  T h e s e  r e s e a r c h e r s  a s s u m e d  f o r  g a s  w e l l s  
w h e r e  t w o - p h a s e  f l o w  was  i n d i c a t e d  a t  b o t h  t h e  t o p  a n d  
m i d - p o i n t  o f  t h e  w e l l ,  b u t  s i n g l e  p h a s e  a t  t h e  b o t t o m ,  t h a t  
75% o f  t h e  we 11 c o n t a i n e d  a  t w o - p h a s e  m i x t u r e .  The 
p r e s s u r e  g r a d i e n t  was c a l c u l a t e d  a s :
[ ■ ^ L g  '  * 0 . 2 5  ( 2 . 2 0 )
A l t e r n a t i v e l y ,  w h e r e  t w o - p h a s e  c o n d i t i o n s  w e r e  p r e s e n t  
o n l y  a t  t h e  s u r f a c e ,  t h e .  p r e s s u r e  g r a d i e n t  was c a l c u l a t e d  
a s  :
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[ - ^ L g  = [-1-]^^ (2.21>
The a u t h o r s  u s i n g  t h e  a d j u s t e d  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  
f o u n d  t h a t  t h e i r  m e t h o d  a g r e e d  w e l 1 w i t h  t h e  t w o - p h a s e  
f l o w  m e t h o d .  O v e r a l l  t h e y  f e l t  t h e i r  m e t h o d  s howe d  some 
i m p r o v e m e n t  o v e r  t h e  t w o - p h a s e  f l o w  m e t h o d .
The p r o b l e m  w i t h  t h e  a b o v e  p r o c e d u r e s  i s  t h e y  do n o t  
p r e d i c t  f l o w  r e g i m e s  a l o n g  t h e  t u b i n g  s t r i n g ,  i n d i c a t i n g  
w h e t h e r  a s i n g l e  p h a s e  g a s  o r  t w o - p h a s e  f l u i d  i s  f l o w i n g .  
A l s o  t h e  a b o v e  p r o c e d u r e s  s t i l l  d i d  n o t  p r e d i c t  t h e  p h a s e  
b e h a v i o r  o f  g a s - c o n d e n s a t e  f l u i d  a l o n g  t h e  t u b i n g  l e n g t h .  
F o r  t h e  s i n g l e  p h a s e  f l o w  model  ( C u l l e n d e r  an d  S m i t h ) ,  
w h e r e  g a s  s p e c i f i c  g r a v i t y  a n d  f l o w  r a t e  a r e  a d j u s t e d ,  no  
means  w e r e  u s e d  t o  a c c o u n t  f o r  s l i p p a g e  o f  t h e  c o n d e n s a t e  
( l i q u i d  h o l d u p )  a l o n g  t h e  t u b i n g .  The t w o - p h a s e  f l o w  model  
d i d  a c c o u n t  f o r  t h i s ,  b u t  a  " b l a c k  o i l "  model  ( g a s  
e v o l u t i o n  r a t h e r  t h a n  c o n d e n s a t i o n )  was  u s e d  t o  c o m p u t e  t h e  
PVT p r o p e r t i e s .  I t  was f e l t  t h a t  t h e  t w o - p h a s e  f l o w  
p r e s s u r e  g r a d i e n t  c o u l d  b e  a d j u s t e d  t o  a c c o u n t  f o r  t h i s  
e r r o r  by a v e r a g i n g  i t  w i t h  s i n g l e  p h a s e  g a s  p r e s s u r e  
g r a d i e n t .  T h e r e f o r e ,  a  m e t h o d  o r  p r o c e d u r e  was s t i l l  
n e e d e d  t o  d e t e r m i n e  w h a t  f l o w  r e g i m e  t h e  g a s - c o n d e n s a t e  
f l u i d  o c c u p p i e d  when f l o w i n g  up  t h e  t u b i n g  s t r i n g  an d  some 
me ans  o f  c o m p u t i n g  t h e  a c t u a l  PVT p r o p e r t i e s .
Two p a p e r s  d i s c u s s e d  t h e  m e r i t s  o f  u s i n g  e q u a t i o n s  o f  
s t a t e  when c o m p u t i n g  PVT p r o p e r t i e s  f o r  g a s - c o n d e n s a t e  
f l u i d s  f l o w i n g  t h r o u g h  h o r i z o n t a l  p i p e s .  G o u l d  [ 19 7 9 3  u s e d  
t h e  S o a v e - R e d 1i c h -K w o ng  (SRK) e q u a t i o n  o f  s t a t e  w h i l e  K a t z ,  
e t  a l .  [ 19 7 8 3  u s e d  t h e  P e n g - R o b i n s o n  e q u a t i o n  o f  s t a t e  
( P R ) .  C h a p t e r  4 ,  C h a p t e r  5 ,  a n d  a p p e n d i x  A d i s c u s s  a l l  o f  
t h e  e q u a t i o n s  a n d  c o m p u t a t i o n a l  p r o c e d u r e s  f o r  d e t e r m i n i n g  
PVT p r o p e r t i e s  f o r  a  g a s - c o n d e n s a t e  f l u i d  when u s i n g  t h e s e  
e q u a t i o n s  o f  s t a t e .  A u t h o r s  f o r  b o t h  p a p e r s  c l e a r l y  s t a t e d  
t h a t  f l u i d  PVT p r o p e r t i e s  a s s o c i a t e d  w i t h  g a s - c o n d e n s a t e  
f l u i d s  f l o w i n g  t h r o u g h  p i p e s  w e r e  e s t i m a t e d  w i t h  more 
a c c u r a c y  when u s i n g  a  c o m p o s i t i o n a l  o r  e q u a t i o n  o f  s t a t e
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m o d e l .  E s t i m a t i o n  o f  t h e  t w o - p h a s e  f l o w  r e g i m e s  and  
p r e s s u r e  l o s s e s  w e r e  c o m p u t e d  i n  t h e s e  w o r k s  u s i n g  t h e  
commonly  u s e d  m u l t i p h a s e  f l o w  c o r r e l a t i o n s  w h i c h  w i l l  be  
d e s c r i b e d  i n  c h a p t e r  6 . Howe ve r ,  t h e  work  d o n e  by  t h e s e  
r e s e a r c h e r s  i n v o l v e d  p r e d i c t i n g  p r e s s u r e  t r a v e r s e s  f o r  
h o r i z o n t a l  g a s  p i p e l i n e s .  T h u s ,  n o t h i n g  was  m e n t i o n e d  
a b o u t  a n  e q u a t i o n  o f  s t a t e  o r  c o m p o s i t i o n a l  model  f o r  t h e  
p r e d i c t i o n  o f  p r e s s u r e  t r a v e r s e s  f o r  v e r t i c a l  
g a s - c o n d e n s a t e  w e l l s .  T h e r e f o r e ,  w i t h  t h e  k n o w l e d g e  o f  t h e  
a b o v e  a u t h o r s '  w o r k ,  we f e l t  t h a t  an  e q u a t i o n  o f  s t a t e  o r  
c o m p o s i t i o n a l  model  c o u l d  b e  d e v e l o p e d  f o r  p r e s s u r e  
t r a v e r s e s  a s s o c i a t e d  w i t h  v e r t i c a l  g a s - c o n d e n s a t e  w e l l s .  
Wi t h  a  good mode l  f o r  p r e d i c t i n g  t h e s e  p r e s s u r e  t r a v e r s e s ,  
t h e  d e s i g n  o f  h i g h  r a t e  c o m p l e t i o n s  f o r  g a s - c o n d e n s a t e  
w e l l s  c o u l d  be  a c h i e v e d  w i t h  more  a c c u r a c y .  Our  a p p r o a c h  
t o  t h e  d e s i g n  o f  h i g h  r a t e  c o m p l e t i o n s  f o r  g a s - c o n d e n s a t e  
w e l l s  w i l l  be  d i s c u s s e d  i n  c h a p t e r  7 when a p p l y i n g  o u r  
c o m p u t e r  m o d e l .  The  p r e c e d i n g  c h a p t e r s  w i l l  d i s c u s s  t h e  
t h e o r e t i c a l  e q u a t i o n s  u s e d  i n  t h e  c o m p u t e r  m o d e l ,  w h i l e  
c h a p t e r  8  w i l l  p r e s e n t  c o n c l u s i o n s  a n d  r e s u l t s  o f  t h i s  
w o r k .  The a u t h o r  s e a r c h e d  f o r  more  l i t e r a t u r e  c o n c e r n i n g  
t h e  p r e d i c t i o n  o f  p r e s s u r e  t r a v e r s e s  f o r  g a s - c o n d e n s a t e  
f l u i d s  f l o w i n g  i n  v e r t i c a l  p i p e s ;  h o w e v e r ,  no  more  s u c h  
l i t e r a t u r e  e x i s t e d .
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CHAPTER I I I
Wel l  D e s i g n  U s i n g  S y s t e m s  A n a l y s i s  P r o c e d u r e
3 . 1  What  i s  S y s t e m s  A n a l y s i s
One q u e s t i o n  t h a t  comes  t o  mind w i t h  a n y  " S y s t e m s  
A n a l y s i s "  p r o c e s s  i s :  What  i s  S y s t e m s  A n a l y s i s ?  S y s t e m s  
A n a l y s i s  o r  Nodal  A n a l y s i s  a s  i t  i s  a l s o  c a l l e d ,  i s  t h e  
p r o c e s s  o f  d e t e r m i n i n g  t h e  e f f e c t  o f  e a c h  c o m p o n e n t  i n  t h e  
p r o d u c t i o n  s y s t e m  on  t h e  t o t a l  s y s t e m  p e r f o r m a n c e .  F i g u r e
3 . 1  i s  a  r e p r e s e n t a t i o n  o f  a  t y p i c a l  p r o d u c t i o n  s y s t e m .
To p e r f o r m  a  t o t a l  S y s t e m s  A n a l y s i s ,  t h e  p r o d u c t i o n  
s y s t e m  i s  d i v i d e d  i n t o  d i f f e r e n t  s e c t i o n s ,  s u c h  t h a t  t h e  
e f f e c t  o f  e a c h  c o m p o n e n t  on t h e  w e l l ’ s f l o w  c a p a c i t y  c a n  be 
d e t e r m i n e d .  Eac h  n o d e  ( F i g u r e  3 . 1 )  r e p r e s e n t s  a  s p e c i f i c  
p r e s s u r e  ( r e s e r v o i r ,  f l o w i n g  s a n d f a c e ,  f l o w i n g  b o t t o m h o l e ,  
f l o w i n g  w e l l h e a d ,  s e p a r a t o r ,  e t c . )  a t  a  c e r t a i n  l o c a t i o n  i n  
t h e  p r o d u c t i o n  s y s t e m .  T h e r e  a r e  two p r e s s u r e s  i n  t h e  
p r o d u c t i o n  s y s t e m  w h i c h  m u s t  r e m a i n  f i x e d  a n d  a r e  n o t  
f u n c t i o n s  o f  f l o w r a t e .  T h e s e  p r e s s u r e s  a r e  t h e  a v e r a g e  
r e s e r v o i r  p r e s s u r e  a n d  t h e  s y s t e m  o u t l e t  p r e s s u r e  
( s e p e r a t o r  o r  w e l l h e a d ) .  T h u s ,  t h e  t o t a l  p r e s s u r e  d r o p  f o r  
t h e  p r o d u c t o n  s y s t e m  i s  d e t e r m i n e d  u s i n g  t h e  f i x e d  
e n d - p o i n t  p r e s s u r e s  i n  t h e  s y s t e m .  The u s e  o f  t h e s e  
p r e s s u r e s  a l s o  a i d s  i n  o p t i m i z i n g  t h e  s y s t e m  by  c h a n g i n g  
c h a r a c t e r i s t i c s  o f  s e l e c t e d  c o m p o n e n t s  t o  y i e l d  t h e  op t i mum 
p r o d u c i n g  c a p a c i t y .
B e f o r e  s t a r t i n g  t h e  S y s t e m s  A n a l y s i s  p r o c e s s ,  t h e  
p r o d u c t i o n  s y s t e m  m u s t  f i r s t  be  d i v i d e d  i n t o  i t s  
c o m p o n e n t s ,  i . e  r e s e r v o i r ,  p e r f o r a t i o n s ,  t u b i n g ,  s a f e t y  
v a l v e s ,  r e s t r i c t i o n s ,  f l o w  c h o k e s ,  and  t h e n  e a c h  
i n d i v i d u a l l y  a n a l y z e d .  R e f e r r i n g  t o  F i g u r e s  3 . 1  a n d  3 . 2 ,  
t h e  f o l l o w i n g  c o m p o n e n t s  f o r  t h e  p r o d u c t i o n  s y s t e m  a r e  
d e t e r m i n e d  u s i n g  t h e  r e l a t i o n s  b e t w e e n  i t s  n o d a l  p o i n t s ;
R e s e r v o i r :  Pj. -  P y f g  = (Node 8  -  Node 7 )  ( 3 . 1 . 1 )
P e r f o r a t i o n :  P ^ f g  -  P^ f  = (Node 7 -  Node 6 ) ( 3 . 1 . 2 )
—14 —
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R e s t r l c t l o n :  Pyg  -  Pjjg = (Node 5A -  Node 5B) ( 3 . 1 . 3 )
S a f e t y  V a l v e s :  P j j sv  “ **DSV ~ (Node 4A -  Node 4B)
( 3 . 1 . 4 )
T u b i n g :  ( P * f  -  Pur> + <PdR " ^ USV^ *  (^DSV - **wh  ^ “
(Node 6  -  Node 5A) + (Node 5B -  Node 4A) +
(Node 4B -  Node 3 )  ( 3 . 1 . 5 )
S u r f a c e  C h o k e :  PygC “ ^DSC “ (Node 2A -  Node 2B)
( 3 . 1 . 6 )
F l o w l i n e :  (?*% -  Pusc> + (^DSC “ ^ s e p )  =
(Node 3 -  Node 2A) + (Node 2B -  Node 1)
( 3 . 1 . 7 )
T h e r e f o r e  ;
Z  ^ c o m p  = P r  -  P g e p  = ‘Node 8  -  Node 1)  ( 3 . 1 . 8 )
F o r  a  p r o d u c t i o n  s y s t e m  p o s s e s s i n g  8  n o d a l  l o c a t i o n s ,  t h e r e  
w i l l  b e  7  c o m p o n e n t s  w h i c h  c o u l d  e f f e c t i v e l y  a l t e r  t h e  
s y s t e m  p r o d u c i n g  c a p a c i t y .
A f t e r  d e f i n i n g  t h e  p r o d u c t i o n  s y s t e m  c o m p o n e n t s ,  a  
common n o d e  i s  t h u s  e s t a b l i s h e d .  The  n o d e  p r e s s u r e  i s  
c a l c u l a t e d  a t  t h i s  p o i n t  f r om  o p p o s i t e  d i r e c t i o n s  s t a r t i n g  
a t  t h e  f i x e d  p r e s s u r e s .
I n f l o w  t o  t h e  n o d e :
Pp -  6 P ( u p s t r e a m  c o m p o n e n t s )  = P po de  ( 3 . 1 . 9 )
O u t f l o w  f r o m  t h e  n o d e :
Pggp  + <ûP ( d o w n s t r e a m  c o m p o n e n t s )  = P ^ o d e  ( 3 . 1 . 1 0 )
P r e s s u r e  d r o p  ( 4 P ) ,  w i l l  v a r y  w i t h  f l o w r a t e  ( q ) ;  t h e r e f o r e ,  
a  p l o t  o f  n o d e  p r e s s u r e  v e r s u s  f l o w r a t e  w i l l  p r o d u c e  two 
c u r v e s .  The s i m u l t a n e o u s  s o l u t i o n  ( i n t e r s e c t i o n )  o f  t h e s e  
c u r v e s  w i l l  g i v e  t h e  f l o w  c a p a c i t y  ( s a t i s f i e s  t h e  a b o v e  
e q u a t i o n s )  a n d  n o d e  p r e s s u r e  f o r  t h e  p r o d u c i n g  s y s t e m .
T h i s  p r o c e d u r e  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  3 . 3 .
F o r  o u r  w o r k ,  we c a n  f u r t h e r  i l l u s t r a t e  t h e  S y s t e m s
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A n a l y s i s  p r o c e d u r e  by  c o n s i d e r i n g  t h e  s i m p l e  p r o d u c i n g  
s y s t e m  shown i n  F i g u r e  3 . 4  a n d  s e l e c t i n g  t h e  n o d e  a s  t h e  
b o t t o m  o f  t h e  t u b i n g  s t r i n g .
I n f l o w  t o  t h e  n o d e :
Pr  -  d ^ r e s  " ^ p e r f  ” ^wf ( 3 . 1 . 1 1 )
O u t f l o w  f r om t h e  n o d e :
Pwh “ * ^ t u b  “ ^wf ( 3 . 1 . 1 2 )
The  e f f e c t  on t h e  f l o w  c a p a c i t y  i n d u c e d  by  c h a n g i n g  t h e  
n umbe r  o f  p e r f o r a t i o n  s h o t s  p e r  f o o t  i s  shown i n  F i g u r e  
3 . 5 ,  a n d  t h e  e f f e c t  o f  a  c h a n g e  i n  w e l l h e a d  p r e s s u r e  i s  
shown i n  F i g u r e  3 . 6 .  I n c r e a s i n g  t h e  number  o f  p e r f o r a t i o n  
s h o t s  p e r  f o o t  i s  t o  g i v e  a  h i g h e r  n o d e  o r  f l o w i n g  
b o t t o m h o l e  p r e s s u r e  f o r  a  g i v e n  f l o w r a t e ,  b e c a u s e  t h e  
p r e s s u r e  d r o p  a c r o s s  t h e  p e r f o r a t i o n s  i s  d e c r e a s i n g .  T h i s  
s h i f t s  t h e  i n f l o w  c u r v e  u p wa r d  a n d  t h e  i n t e r s e c t i o n  t o  t h e  
r i g h t .  D e c r e a s i n g  t h e  w e l l h e a d  p r e s s u r e  w i l l  g i v e  a  l o we r  
f l o w i n g  b o t t o m h o l e  p r e s s u r e ;  t h u s ,  t h e  o u t f l o w  c u r v e  i s  
s h i f t e d  downward a n d  t h e  i n t e r s e c t i o n  i s  a l s o  t o  t h e  r i g h t .  
So i n  e s s e n c e .  S y s t e m s  A n a l y s i s  i s  f i n d i n g  t h e  r e s u l t i n g  
f l o w  r a t e  f o r  a  g i v e n  s e t  o f  c o n d i t i o n s  i n  t h e  p r o d u c t i o n  
s y s t e m  c o m p o n e n t s .
3 . 2  I n f l o w  P e r f o r m a n c e  R e l a t i o n s h i p s
The I n f l o w  P e r f o r m a n c e  R e l a t i o n s h i p  ( I PR)  i s  t h e  f i r s t  
c o m p o n e n t  i n  t h e  S y s t e m s  A n a l y s i s  A p p r o a c h  t o  b e  d e f i n e d .  
F l u i d  f l o w  i n  t h e  r e s e r v o i r  c a n  b e  d e f i n e d  by t h e  
[ O d e h , 1 9 7 8 ] g a r c y  e q u a t i o n  f o r  p s e u d o - s t e a d y  s t a t e  f l o w  w i t h  
c o r r e c t i o n s  f o r  n o n - D a r c y  f l o w .  The D a r c y  e q u a t i o n  f o r  
p s e u d o - s t e a d y  s t a t e  f l o w  e v o l v e d  f r om a n  e q u a t i o n  p r o p o s e d  
by  H e n r y  D a r c y  ( 18 5 6 )  r e l a t i n g  a p p a r e n t  f l u i d  v e l o c i t y  t o  
p r e s s u r e  d r o p  a c r o s s  a  f i l t e r  b e d .  F i g u r e  3 . 7  i d e a l l y  
shows  t h e  e x p e r i m e n t a l  f i l t e r  b e d  ( p o r o u s  m e d i a )  u s e d  i n  
d e t e r m i n i n g  t h e  D a r c y  e q u a t i o n .  So i n  e s s e n c e  t h e  D a r c y
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e q u a t i o n  was f i r s t  d e r i v e d  f o r  l i n e a r  f l u i d  f l o w  i n  p o r o u s  
m e d i a .  The  e q u a t i o n  w r i t t e n  i n  d i f f e r e n t i a l  f o r m  i s :
k dp
V  = -  - d f -  ( 3 . 2 . 1 )  
w h e r e  :
k = p e r m e a b i l i t y  o f  t h e  p o r o u s  medium
V = a p p a r e n t  f l u i d  v e l o c i t y
ji = f l u i d  v i s c o s i t y
dp = p r e s s u r e  g r a d i e n t  i n  t h e  d i r e c t i o n  o f  f l o w  
( n e g a t i v e )
In  t e r m s  o f  v o l u m e t r i c  f l o w  r a t e ,  t h e  e q u a t i o n  r e d u c e s  t o :
q = vA = -  ^  ^  ( 3 . 2 .  2)
w h e r e  :
q = v o l u m e t r i c  f l o w  r a t e
A = A r e a  o p e n  t o  f l o w
Howe ve r ,  m o s t  o f  t h e  f l o w  g e o m e t r i e s  d i s c u s s e d  a r e  
r a d i a l  ( F i g u r e  3 . 8 ) ,  t h u s  u s i n g  D a r c y ' s  Law, a n  e q u a t i o n
c a n  be  d e r i v e d  f o r  r a d i a l  f l o w  a s s u m i n g  f l o w  t o  be
p s e u d o - s t e a d y  s t a t e .  T h e r e f o r e ,  t h e  a r e a l  s h a p e  o f  t h e  
r e s e r v o i r  m u s t  b e  c i r c u l a r .  A l s o ,  when D a r c y  p e r f o r m e d  h i s  
e x p e r i m e n t s  he d i d  n o t  a c c o u n t  f o r  n o n - D a r c y  f l o w  
( t u r b u l e n c e ) .  C W a t t e n b a r g e r  a n d  Ramey,  1 9 6 8 i c o r r e c t i o n s
f o r  t u r b u l e n t  f l o w  a r e  a c c o u n t e d  f o r  by w h a t  i s  known a s
t h e  Ramey "D" t e r m  f o r  t u r b u l e n t  f l o w .  T h i s  t e r m  i s
g e n e r a l l y  u s e d  f o r  ga s  w e l l s  d u e  t o  t h e  l a r g e r  v e l o c i t i e s
e n c o u n t e r e d .  t Od eh ,  1 9 ^ ® ^ C o r r e c t i o n s  f o r  t h e  a r e a l  s h a p e  
o f  t h e  r e s e r v o i r  w e r e  i m p l e m e n t e d  by c h a n g i n g  t h e  t e r m  
" 1 n (  rg/r^i ,  ) " t o  t h e  t e r m  " l n ( X ) " .  F i g u r e  3 . 9  shows  t h e
v a l u e s  o f  "X".  From F i g u r e  3 . 9 ,  t h e  v a l u e  o f  "X" i s  a  
f u n c t i o n  o f  b o t h  t h e  w e l l  l o c a t i o n  a n d  t h e  g e o m e t r i c  s h a p e  
o f  t h e  r e s e r v o i r .
B e f o r e  s t a t i n g  t h e  I n f l o w  P e r f o r m a n c e  R e l a t i o n s h i p s
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f o r  p s e u d o - s t e a d y  s t a t e  f l o w ,  a n o t h e r  p o i n t  s h o u l d  be 
e x a m i n e d .  T h i s  c o n c e r n s  t h e  a l t e r e d  z o n e  o f  p e r m e a b i l i t y  
n e a r  t h e  w e l l b o r e .  In  s p i t e  o f  t h e  f a c t  t h a t  mo s t  
r e s e r v o i r s  a r e  h e t e r o g e n o u s ,  a n  a v e r a g e  p e r m e a b i l i t y  i s  
a s s u m e d  t o  r e p r e s e n t  t h e  e n t i r e  r e s e r v o i r .  T h e r e f o r e ,  t h e  
a v e r a g e  p e r m e a b i l i t y  i s  a s s u m e d  t o  be  i s o t r o p i c  t h r o u g h o u t  
t h e  w h o l e  r e s e r v o i r .  However ,  n e a r  t h e  w e l l b o r e  t h i s  
p e r m e a b i l i t y  c a n  be  a l t e r e d  by r e d u c i n g  t h e  w e l l b o r e  
p r e s s u r e  e i t h e r  b e l o w  t h e  b u b b l e  p o i n t  p r e s s u r e  o r  t h e  dew 
p o i n t  p r e s s u r e  a n d / o r  by t h e  m i g r a t i o n  o f  d r i l l i n g  f l u i d s  
i n t o  t h e  r e s e r v o i r .  Thus  a  c o r r e c t i o n  f o r  t h i s  a l t e r e d  
z o n e  o f  p e r m e a b i l i t y  i s  a c c o u n t e d  f o r  by  a  s k i n  f a c t o r  (S)  
t e r m .
3 . 2 . 1  Gas  W e l l s
So w i t h  t h e  a b o v e  c o r r e c t i o n s ,  t h e  I n f l o w  P e r f o r m a n c e  
R e l a t i o n s h i p  f o r  p s e u d o - s t e a d y  s t a t e  f l o w ,  u s i n g  D a r c y ’ s 
e q u a t i o n ,  f o r  g a s  r e s e r v o i r s  i s :
703 X 1 0 " ®k h (P f  -  p 2 f g )
9 = >iTz[ ln(X)  -  0 . 7 5  + S + Dq] ( 3 . 2 . 3 )
w h e r e  :
q H f l u i d  f l o w r a t e  ( m c f / d )
k = p e r m e a b i l i t y  (md>
h 5 . f o r m a t i o n  n e t  v e r t i c a l  t h i c k n e s s  ( f t )
P^ = a v e r a g e  f o r m a t i o n  p r e s s u r e  ( p s i a )
Pwfs  ^ s a n d f a c e  f l o w i n g  p r e s s u r e  ( p s i a )
>1 = f l u i d  v i s c o s i t y  ( c p )
T = f o r m a t i o n  t e m p e r a t u r e ,  ^ a n k i n e  ( *¥ + 460)
z = g a s  d e v i a t i o n  f a c t o r  ( d ’ l e s s )
S = s k i n  f a c t o r  ( d ’ l e s s )
D = Ramey Term f o r  t u r b u l e n c e  C ( m c f / d ) " 1 ]
X = s h a p e  f a c t o r  ( F i g u r e  3 . 9 )
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V a l u e s  f o r  t h e  ” S” a n d  "D" t e r m s  a r e  g e n e r a l l y  o b t a i n e d  
f r om  t r a n s i e n t  f l o w  t e s t s ,  o r  c a n  be  p r e d i c t e d ,  a s  w i l l  be  
d i s c u s s e d  l a t e r .
[ C r a f t  a n d  H a w k i n s ,  o t h e r  t e s t s  p e r f o r m e d
t y p i c a l l y  on g a s  w e l l s  a r e  B a c k - P r e s s u r e  a n d  I s o c h r o n a l  
T e s t s .  U s i n g  t h e s e  t e s t s  a n d  D a r c y ’ s p r i n c i p l e ,  a n  
e q u a t i o n  known a s  t h e  b a c k - p r e s s u r e  e q u a t i o n  i s  d e r i v e d .  
T h i s  e q u a t i o n  i s  u s e d  f o r  m o d e l i n g  a  g a s  w e l l  i n  l i e u  o f  
t h e  t h e o r e t i c a l  e q u a t i o n  a b o v e  ( E q u a t i o n  3 . 2 . 3 ) .  I t  h a s  
t h e  f o r m o f :
q = C ( P f  -  P j f g ) "  ( 3 . 2 . 4 )
w h e r e  :
C z  b a c k - p r e s s u r e  c o n s t a n t
n = b a c k - p r e s s u r e  e x p o n e n t  ( 0 . 5 < n < i . 0 )
I f  t h e  g a s  t e s t  i s  a n  i s o c h r o n a l  t e s t ,  t h e  
b a c k - p r e s s u r e  c o n s t a n t  c a n  b e  a p p r o x i m a t e d .  Howe ve r ,  q u i t e  
o f t e n  e n o u gh  d a t a  i s  n o t  a v a i l a b l e ,  s o  t h e  b a c k - p r e s s u r e  
c o n s t a n t  i s  a p p r o x i m a t e d  u s i n g  r e s e r v o i r  p r o p e r t i e s  w i t h  
t h e  f o l l o w i n g  e q u a t i o n :
703  X iO"®kh ________
^ = >iTz[ ln(X)  -  0 . 7 5  + S3 C 3 . Z . 5 )
S u b s t i t u t i n g  t h e  a b o v e  e q u a t i o n  f o r  t h e  b a c k - p r e s s u r e  
c o n s t a n t  an d  s e t t i n g  n = i ,  t h e  b a c k - p r e s s u r e  e q u a t i o n  
r e d u c e s  t o  t h e  D a r c y  e q u a t i o n  f o r  p s e u d o - s t e a d y  s t a t e  f l o w  
( E q u a t i o n  3 . 2 . 3 )  f o r  g a s  w e l l s .  So,  E q u a t i o n  3 . 2 . 4  n o t  
o n l y  d e t e r m i n e s  t h e  IPR c u r v e  e x p e r i m e n t a l l y  b u t  
t h e o r e t i c a l l y  a s  w e l l .  T u r b u l e n c e  i s  a c c o u n t e d  f o r  by 
v a r y i n g  t h e  b a c k - p r e s s u r e  e x p o n e n t .  F o r  n = l  f l o w  i s  
c o n s i d e r e d  t o  be  n o n - t u r b u 1 e n t , w h i l e  f l o w  i s  a s s u m e d  
t u r b u l e n t  when n < i .
T r a n s i e n t  f l o w  t e s t s  a r e  n o t  a l w a y s  a v a i l a b l e  on  a 
p a r t i c u l a r  w e l l .  Th u s  a n  e q u a t i o n  a p p r o x i m a t i n g  n o n - D a r c y  
f l o w  w h i l e  a l s o  c o n s i d e r i n g  t h e  e f f e c t  o f  s k i n  i s  n e e d e d .
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In  1976 J o n e s ,  B l o u n t  a n d  G l a z e  p u b l i s h e d  a  p a p e r  
d e s c r i b i n g  t h e  e f f e c t s  o f  t u r b u l e n c e  on w e l l  p e r f o r m a n c e .  
They  d e r i v e d  two e q u a t i o n s ,  o n e  f o r  o i l  w e l l s  a n d  o n e  f o r  
g a s  w e l l s .  The  e q u a t i o n  f o r  g a s  w e l l s  i s  shown b e l o w :
r i . 4 2 4  X 1 0 3j i T z C l n( . 4 7 2 r g / r „ )  + S l l
I------------------------------- 0 -^----------------------------- h  +
fa. 18 X 10"^^ ^yrz
h ë rp* w
2 ( 3 . 2 . 6 )
w h e r e  :
P : t u r b u l e n c e  c o e f f i c i e n t  ( f t “ ^>
V = g a s  s p e c i f i c  g r a v i t y  ( a i r  = 1 ) /  ( d ' l e s s )  
hp = p e r f o r a t e d  i n t e r v a l  ( f t )
Ty = w e l l b o r e  r a d i u s  ( f t )
r g  = e x t e r n a l  r a d i u s  ( f t )
The a b o v e  e q u a t i o n  c a n  b e  r e w r i t t e n  i n  t h e  
f o 1 l o w i n g  f o r m :
p f  -  p 2 f g  = Aq + Bq2 ( 3 . 2 . 7 )
w h e r e  :
A = D a r c y  t e r m
1 . 4 2 4  X lO^jiTzC l n ( . 4 7 2 r g / r „ )  + S]
_  _
B = t u r b u l e n c e  t e r m  
3 . 1 6  X l o ' i z p y r z
( 3 . 2 . 8 )
( 3 . 2 . 9 )
T h e r e f o r e ,  a  r e a s o n a b l e  a p p r o x i m a t i o n  w i t h  i n h e r e n t  
a s s u m p t i o n s ,  c a n  be  made f o r  a  w e l l  w i t h o u t  a n y  t r a n s i e n t  
f l o w  t e s t s .  Howe ve r ,  i f  t r a n s i e n t  f l o w  t e s t s  a r e  
a v a i l a b l e ,  t h e  "A” a n d  "B” t e r m s  a r e  d e t e r m i n e d  f ro m a  p l o t
o f  (P^ -  P w f g ) / q  v e r s u s  q ,  i . e  a  s t r a i g h t  l i n e .  T h u s ,  
e q u a t i o n  3 . 2 . 7  a l s o  a p p r o x i m a t e s  t h e  I PR c u r v e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-30-
e x p e r i m e n t a l l y  o r  t h e o r e t i c a l l y .
A n o t h e r  c h a r a c t e r i s t i c  c o n c e r n i n g  f l u i d  f l o w  i n  
r e s e r v o i r s  i s  t h e  t i m e  o f  t h e  f l o w  p e r i o d .  F l u i d  f l o w  i n  
t h e  r e s e r v o i r  b e h a v e s  a s  i f  t h e  r e s e r v o i r  i s  i n f i n i t e l y  
l a r g e  when i t  i s  f i r s t  p u t  on p r o d u c t i o n .  T h i s  t y p e  o f  
f l u i d  f l o w  i s  known a s  t r a n s i e n t  f l o w .  T r a n s i e n t  f l o w  o n l y  
o c c u r r s  when t h e  t i m e  o f  p r o d u c t i o n  i s  l e s s  t h a n  t h e  t i m e  
i t  t a k e s  f o r  f l o w  i n  t h e  w e l l  t o  s t a b i l i z e  ( t X t g ^ g y ) .
£Le e ,  e t  a l . ,  1 9 8 23 ^  t h e o r e t i c a l  a p p r o x i m a t i o n  f o r  t h e  t i m e  
t o  a c h i e v e  s t a b i l i z e d  f l u i d  f l o w  i s :
t g t a b  “ — ic  ( c i r c u l a r  g e o m e t r y )  ( 3 . 2 . 1 0 )
o r
t g t a b  = 0 . 0 0 0 2 6 3 7 k  *DA ( n o n - c i r c u l a r  g e o m e t r y )
( 3 . 2 . 1 1 )
w h e r e  :
9  = p o r o s i t y  ( d ’ l e s s )
Cj  ^ B  t o t a l  s y s t e m  c o m p r e s s i b i l i t y  ( p s i “ ^)
t g t a b  ^ t i m e  f o r  p r e s s u r e  t r a n s i e n t  t o  r e a d  r ^  ( h r s )
A = d r a i n a g e  a r e a  ( f t ^ )
toA = d i m e n s i o n l e s s  t i m e  f o r  s t a b i l i z e d  f l o w
( F i g u r e  3 . 1 0 )  /  ( d ' l e s s )
I f  f l u i d  f l o w  i n  t h e  r e s e r v o i r  i s  n o t  s t a b i l i z e d  ( t r a n s i e n t  
b e h a v i o r ) ,  t h e  f o l l o w i n g  e q u a t i o n ^ ^ ® ® '  a l . ,  19623 i g 
u s e d  when g a s  r e s e r v o i r s  e x h i b i t  t r a n s i e n t  f l o w :
k h ( P ^  -  P y f g )
-  3 . 2 3  + . 8 7 3
q  =  r  r
1 6 3 8 .mTz p o g  
w h e r e  :
t  B  t i m e  o f  i n t e r e s t  ( t X t g ^ ^ y )  /  ( h r s )
( 3 . 2 . 1 2 )
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T h e r e f o r e ,  t h e  a b o v e  e q u a t i o n  c a n  p r e d i c t  t h e  i n f l o w  
p e r f o r m a n c e  r e l a t i o n s h i p s  f o r  w e l l s  i n  g a s  r e s e r v o i r s  t h a t  
e x h i b i t  t r a n s i e n t  b e h a v i o r .
I n  g a s  w e l l s ,  t h e  I PR c u r v e  i s  n o t  l i n e a r ,  s i n c e  i t  i s
a  f u n c t i o n  o f  t h e  s q u a r e  o f  t h e  s a n d f a c e  p r e s s u r e  ( P^^ g )
a n d  a v e r a g e  r e s e r v o i r  p r e s s u r e s  ( P ^ ) .  Howe ve r ,  t h e  s h a p e
o f  t h e  IPR c u r v e  r e m a i n s  s i m i l a r  t h r o u g h o u t  i t s  p r o d u c i n g  
l i f e .  The v a l u e  o f  a v e r a g e  r e s e r v o i r  p r e s s u r e  c a n  d e c l i n e  
i f  i t  i s  n o t  m a i n t a i n e d  by a  s t r o n g  w a t e r  d r i v e ,  b u t  t h e  
IPR c u r v e  c h a r a c t e r i s t i c  s h a p e  r e m a i n s  t h e  same.  The g a s  
v i s c o s i t y ,  d e v i a t i o n  f a c t o r ,  a n d  s p e c i f i c  g r a v i t y  c a n  be  
a p p r o x i m a t e d  w i t h  r e a s o n a b l e  a c c u r a c y  w h i l e  t h e  s k i n  (S)  
a n d  Ramey t e r m  (D) f o r  t u r b u l e n c e  a r e  h a r d e r  t o  a c q u i r e ;  
b u t  n e v e r t h e l e s s ,  t h e s e  v a l u e s  c a n  be  a p p r o x i m a t e d  f r om 
t r a n s i e n t  f l o w  t e s t s .  F o r  t h e  m o s t  p a r t  t h e s e  p a r a m e t e r s  
w o u l d  n o t  a f f e c t  o r  c h a n g e  t h e  c h a r a c t e r i s t i c  s h a p e  o f  t h e  
IPR c u r v e .  However ,  i f  t h e  p e r m e a b i l i t y  n e a r  t h e  w e l l b o r e  
i s  a l t e r e d  c o n s i d e r a b l y ,  t h e  s h a p e  o f  t h e  I PR c u r v e  f o r  a 
g a s  w e l l  may d e v i a t e  f r om i t s  c h a r a c t e r i s t i c  t r a c e  o r  p l o t .  
The p e r m e a b i l i t y  c a n  be  a l t e r e d  when a n o t h e r  f l u i d  f l o w s  
w i t h  t h e  g a s  t h r o u g h  t h e  r e s e r v o i r  ( w a t e r  o r  c o n d e n s a t e ) .
3 . 2 . 2  O i l  W e l l s
I n f l o w  P e r f o r m a n c e  R e l a t i o n s h i p s  f o r  o i l  w e l l s  c a n  be  
e x p r e s s e d  i n  t h e  f o r m o f  p r o d u c t i v i t y  i n d e x  ( J ) .  The 
p r o d u c t i v i t y  i n d e x  i s  e x p r e s s e d  a s :
J  = =----- ----------  ( 3 . 2 . 1 3 )
^ r  “ ^ w f s
w h e r e :
J = p r o d u c t i v i t y  i n d e x  ( s t b / d / p s i a )
q = f l o w r a t e  ( s t b / d )
T h e r e f o r e ,  i f  a  f l o w  t e s t  i s  p e r f o r m e d  on a n  o i l  w e l l ,  t h e
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p r o d u c t i v i t y  i n d e x  i s  a v a i l a b l e  a n d  a n  I n f l o w  P e r f o r m a n c e  
R e l a t i o n s h i p  c a n  be  o b t a i n e d  f o r  t h e  w e l l  b e i n g  t e s t e d .
T h i s  i s  t h e  s i m p l e s t  a p p r o a c h  f o r  p r e d i c t i n g  t h e  1 PR c u r v e  
f o r  a n  o i l  w e l l .  However ,  t h i s  t e c h n i q u e  i s  o n l y  u s e d  when 
f l o w  t e s t  d a t a  i s  a v a i l a b l e .  A n o t h e r ,  more  common way o f  
p r e d i c t i n g  t h e  IPR c u r v e  f o r  a n  o i l  w e l l  w i t h o u t  f l o w  t e s t  
d a t a  i s  t o  u s e  t h e  D a r c y  e q u a t i o n  f o r  p s e u d o - s t e a d y  s t a t e  
f l o w .  T h i s  e q u a t i o n  i s  shown b e l o w :
7 . 0 8  X 1 0 - 3 k h ( P r  -  P „ f g )
9 = j jB( , [ ln(X)  -  0 . 7 5  + S]  ( 3 . 2 . 1 4 )
w h e r e
Bq = o i l  f o r m a t i o n  v o l u m e  f a c t o r  ( b b l / s t b )
N o t i c e  t h e  Ramey "D” t e r m  i s  n e g l e c t e d  i n  E q u a t i o n  3 . 2 . 1 4 .  
T h i s  i s  done  b e c a u s e  t u r b u l e n t  e f f e c t s  f o r  o i l  f l o w  a r e  
c o n s i d e r e d  n e g l i b l e .
The  c o n c e p t  o f  p r o d u c t i v i t y  i n d e x  i s  a p p r o x i m a t e d  by 
t h e  D a r c y  e q u a t i o n  f o r  p s e u d o - s t e a d y  s t a t e  f l o w  i n  t h e  
f o l l o w i n g  m a n n e r :
_ 7 . 0 8  « 1 0 - 3 k h
-  >iBç,[ln(X) -  0 . 7 5  + S]  ( 3 . 2 . 1 5 )
From E q u a t i o n  3 . 2 . 1 5 ,  i t  i s  s e e n  t h a t  t h e  w e l l ’ s 
p r o d u c t i v i t y  i n d e x  i s  a  f u n c t i o n  o f  t h e  r e s e r v o i r  
p e r m e a b i l i t y  s u r r o u n d i n g  t h e  w e l l b o r e ,  t h e  r e s e r v o i r  
f l u i d ’ s v i s c o s i t y  a n d  f o r m a t i o n  vo l u me  f a c t o r ,  a n d  f i n a l l y  
t h e  r e s e r v o i r  w e l l b o r e  damage  b e i n g  i n d u c e d  by  t u r b u l e n c e  
a n d  o t h e r  c o n t r i b u t i n g  f a c t o r s  ( d r i l l i n g  mud,  s c a l e ,  
h y d r a t e s ,  e t c . ) .  T h u s ,  E q u a t i o n  3 . 2 . 1 5  c a n  g i v e  some 
i n d i c a t i o n  o f  how t h e  IPR c u r v e  w o u l d  b e h a v e  f o r  g a s  and  
o i l  w e l l s .
S o m e t i m e s  t u r b u l e n c e  i s  o f  i n t e r e s t  f o r  o i l  w e l l s .  
T h u s ,  t h e  Ramey "D” t e r m  i s  i n c l u d e d  i n  E q u a t i o n  3 . 2 . 1 4 .  
Ho we v e r ,  f l o w  t e s t  d a t a  i s  n o t  a l w a y s  a v a i l a b l e  t o  g e t  a  
good a p p r o x i m a t i o n  o f  "D” . As a l r e a d y  m e n t i o n e d  e a r l i e r .
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J o n e s  e t  a l .  a l s o  d e v e l o p e d  a n  e q u a t i o n  f o r  o i l  w e l l s .  
T h i s  e q u a t i o n  i s  shown b e l o w ;
-  Pwf s
l n ( . 4 7 2 r g / r „ )  + SI
7 . 0 8  X 1 0 “ ®kh
h 5 rp* w
( 3 . 2 . 1 6 )
w h e r e  :
p  = o i l  d e n s i t y  ( l b / f t ® )
T h e r e f o r e ,  t h e  a b o v e  e q u a t i o n  a p p r o x i m a t e s  n o n - D a r c y  f l o w  
a n d  o o n s i d e r s  s k i n  f o r  o i l  w e l l s  when t h e r e  i s  no 
a v a i l a b l e  f l o w  t e s t  d a t a .  E q u a t i o n  3 . 2 . 1 6  c a n  a l s o  be  
r e w r i t t e n  i n  a  s i m i l a r  ma n n e r  a s  E q u a t i o n  3 . 2 . 6  a s
^ r  ~ ^ wf s = Aq + Bq'‘
w h e r e  :
A =
B =
.uBq E l n ( . 4 7 2 r g / r „ )  + S3 
7 . 0 6  X l O ' S k h  
2 . 3 0  X l O ' l ^ p B g p
( o i  1 )
< 3 . 2 . 1 7 )
( 3 . 2 . 1 8 )
( 3 . 2 . 1 9 )
Howe ve r ,  i f  f l o w  t e s t  d a t a  i s  a v a i l a b l e ,  t h e n  t h e  "A" a n d  
"B" t e r m s  a r e  d e t e r m i n e d  e x p e r m e n t a 11 y w i t h  a  s t r a i g h t  l i n e
p l o t  o f  ( P ^ -  P w f g ) / q  v e r s u s  q .  So,  E q u a t i o n  3 . 2 . 1 7
a c c o u n t s  f o r  b o t h  t u r b u l e n c e  a n d  s k i n  e f f e c t s  
e x p e r i m e n t a l l y  a n d  t h e o r e t i c a l l y  a s  w e l l .
In l i e u  o f  t h e  E q u a t i o n  3 . 2 . 1 7 ,  F e t k o v i c h  [ 19733  
p r o p o s e d  t h e  m e t h o d  o f  a n a l y z i n g  o i l  w e l l s  i n  t h e  s i m i l a r  
m a n n e r  a s  g a s  w e l l s  u s i n g  t h e  B a c k - p r e s s u r e  e q u a t i o n  
( E q u a t i o n  3 . 2 . 4 ) .  T h i s  e q u a t i o n  i s  s hown b e l o w :
q = C(P_ -  Pwf s
,n ( 3 . 2 . 2 0 )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-35-
The b a c k - p r e s s u r e  c o n s t a n t  (C)  c a n  be  a p p r o x i m a t e d  u s i n g  
r e s e r v o i r  p r o p e r t i e s  w i t h  t h e  f o l l o w i n g  e q u a t i o n :
7 . 0 8  X I Q - S k h  ____
^  -  .MB^ClnCX) -  0 . 7 5  t  S3 ( 3 . 2 . 2 1 )
N o t e  t h a t  E q u a t i o n  3 . 2 . 2 1  i s  s i m i l a r  t o  t h e  e q u a t i o n  f o r  
a p p r o x i m a t i n g  p r o d u c t i v i t y  i n d e x  ( E q u a t i o n  3 . 2 . 1 5 ) .  
T h e r e f o r e ,  E q u a t i o n  3 . 2 . 2 0  w i l l  r e d u c e  t o  t h e  D a r c y  
e q u a t i o n  f o r  p s e u d o - s t e a d y  s t a t e  f l o w  f o r  o i l  w e l l s  when 
n = l .  E q u a t i o n  3 . 2 . 2 0  a s  p r o p o s e d  by F e t k o v i c h  u s e s  f l o w  
t e s t  d a t a  t o  a p p r o x i m a t e  t h e  IPR c u r v e  f o r  a n  o i l  w e l l  
e x p e r i m e n t a l l y ,  b u t  t h i s  e q u a t i o n  a l s o  c a n  p r e d i c t  t h e  I PR 
c u r v e  t h e o r e t i c a l l y .
When o i l  w e l l s  e x h i b i t  t h e  b e h a v i o r  o f  a c t i n g  a s  
p r o d u c i n g  a n  i n f i n i t e l y  l a r g e  r e s e r v o i r ,  t h e  f o l l o w i n g  
e q u a t i o n  i s  u s e d :
k h ( P _  -  P * f g )
( 3 . 2 . 2 2 )' r k t  1 -
1 6 2 . 6 1 og -  3 . 2 3  + . 6 7 5
T h e r e f o r e ,  t h e  a b o v e  e q u a t i o n  c a n  p r e d i c t  t h e  i n f l o w  
p e r f o r m a n c e  r e l a t i o n s h i p s  f o r  w e l l s  i n  o i l  r e s e r v o i r s  t h a t  
e x h i b i t  t r a n s i e n t  b e h a v i o r .
F o r  o i l  w e l l s ,  t h e  IPR c u r v e  w i l l  b e  l i n e a r  i f  t h e  
p e r m e a b i l i t y ,  v i s c o s i t y ,  a nd  f o r m a t i o n  v o l u m e  f a c t o r  w i t h i n  
E q u a t i o n  3 . 2 . 1 4  do n o t  c h a n g e .  A t y p i c a l
p r e s s u r e - t e m p e r a t u r e  p h a s e  d i a g r a m  o f  a n  o i l  r e s e r v o i r  i s  
shown i n  F i g u r e  3 . 1 1 .  I n i t i a l l y  a s s u m e  t h e  o i l  r e s e r v o i r  
i s  a l l  l i q u i d  a n d  u n d e r s a t u r a t e d .  When t h e  p r e s s u r e  i n  t h e  
r e s e r v o i r  i s  r e d u c e d ,  a  f r e e  g a s  p h a s e  w i l l  f o r m when t h e  
b u b b l e  p o i n t  p r e s s u r e  ( P ^ )  f o r  t h e  o i l  i s  r e a c h e d .  T h u s ,
t h e  r e s e r v o i r  i s  t h e n  s a i d  t o  be  a t  s a t u r a t e d  c o n d i t i o n s  
s i n c e  a  f r e e  g a s  p h a s e  a c c o m p a n i e s  t h e  l i q u i d  p h a s e  a t  t h e  
same p r e s s u r e .
When t h e  r e s e r v o i r  i s  s a t u r a t e d ,  t h e  p e r m e a b i l i t y  t o
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Figure 3.11 - Oil Reservoir Phase Diagram (Beggs, 1984)
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o i 1 i s  a l t e r e d  c o n s i d e r a b l y  b e c a u s e  o f  r e l a t i v e  
p e r m e a b i l i t y  e f f e c t s .  The  r e l a t i v e  p e r m e a b i l i t y  o f  o i l  i s  
r e d u c e d  b e c a u s e  t h e  f r e e  g a s  p h a s e  o c c u p i e s  t h e  p o r e  s p a c e s  
w h i c h  r e d u c e s  t h e  f l o w  a r e a  f o r  t h e  o i l  p h a s e .  F i g u r e  3 . 1 2  
shows  t h e  r e l a t i v e  p e r m e a b i l i t y  c u r v e s  f o r  o i l  an d  g a s .
The o i l  v i s c o s i t y  i s  i n c r e a s e d  o o n s i d e r a b l y  when f r e e  gas  
o r i g i n a t e s  i n  t h e  r e s e r v o i r ;  t h i s  i s  shown i n  F i g u r e  3 . 1 3  
w h i c h  i s  a  p l o t  o f  v i s c o s i t y  v e r s u s  p r e s s u r e .  F i n a l l y ,  a  
s h r i n k a g e  o f  t h e  o i l  i s  o b s e r v e d  w i t h  t h e  p r e s e n c e  o f  f r e e  
g a s  i n  t h e  r e s e r v o i r .  F i g u r e  3 . 1 4  s hows  a  p l o t  o f  o i l  
f o r m a t i o n  vo l u me  f a c t o r  ( v o l u m e  o f  f o r m a t i o n  o i l  on  one  
s t o c k  b a r r e l  b a s i s )  v e r s u s  p r e s s u r e .  T h e r e f o r e ,  t h e  IPR 
c u r v e  may be  a l m o s t  l i n e a r  i f  t h e  o i l  r e s e r v o i r  i s  
u n d e r s a t u r a t e d  (no f r e e  g a s  p r e s e n t ) ;  h o w e v e r ,  t h e  1 PR i s  
n o n - l i n e a r  when t h e  o i l  r e s e r v o i r  i s  s a t u r a t e d  ( f r e e  g a s  
p r e s e n t ) .  F i g u r e  3 . 1 5  shows  how t h e  IPR c u r v e  w i l l  b e h a v e  
when a  g a s  p h a s e  i s  p r e s e n t .  The a b o v e  e q u a t i o n s  f o r  
p r e d i c t i n g  t h e  IPR c u r v e  o f  o i l  r e s e r v o i r s  a r e  m o d e r a t e l y  
a c c u r a t e  when t h e  r e s e r v o i r  i s  u n d e r s a t u r a t e d .  However ,  
t h e  c a l c u l a t i o n s  a r e  n o t  a s  a c c u r a t e  when t h e  r e s e r v o i r  
b ec o me s  s a t u r a t e d .  T h u s ,  a  m e t h o d  i s  n e e d e d  f o r  p r e d i c t i n g  
t h e  i n f l o w  p e r f o r m a n c e  r e l a t i o n s h i p  ( I P R)  f o r  a  s a t u r a t e d  
o i  1 r e s e r v o i r .
Voge l  [ 1 9 6 8 ]  p r o p o s e d  a  m e t h od  f o r  p r e d i c t i n g  t h e  
i n f l o w  p e r f o r m a n c e  r e l a t i o n s h i p  f o r  s a t u r a t e d  o i l  
r e s e r v o i r s .  The me t h o d  was t h e  r e s u l t  o f  s t u d i e s  i n  w h i c h  
he  u s e d  a  m a t h e m a t i c a l  r e s e r v o i r  m o d e l .  He p r o p o s e d  t h e  
f o l l o w i n g  e q u a t i o n :
^ w f s
Pr
-  0.8
wf s
Pr
( 3 . 2 . 2 3 )
w h e r e
q^ = i n f l o w  r a t e  c o r r e s p o n d i n g  t o  f l o w i n g  s a n d f a c e
p r e s s u r e  ( P „ f g )  /  ( s t b / d a y )
q B  i n f l o w  r a t e  c o r r e s p o n d i n g  t o  z e r o  f l o w i n g
“ max
s a n d f a c e  p r e s s u r e  ( s t b / d a y )
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Figure 3.12 - Gas-011 Relative Permeability Curves 
(Beggs, 1984)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-3 9 -
Mo
T -  CONSTANT
Figure 3.13 - Oil Viscosity Behavior (Beggs, 1984)
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Figure 3.14 - Oil Formation Volume Factor Behavior 
(Beggs, 1984)
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Figure 3.15 - Effect of Depletion on Reservoir
Performance for an Oil Well (Beggs, 1984)
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Pp = a v e r a g e  r e s e r v o i r  p r e s s u r e  e x i s t i n g  a t  t h e  
t i m e  o f  i n t e r e s t  ( p s i a )
The a b o v e  r e f e r e n c e d  c u r v e  a s  p r o p o s e d  b y  Voge l  i s  shown i n  
F i g u r e  3 . 1 6 .  Voge l  s t a t e d  t h a t  i n  m o s t  a p p l i c a t i o n s  o f  h i s  
m e t h o d ,  t h e  e r r o r  i n  t h e  p r e d i c t e d  i n f l o w  p e r f o r m a n c e  
r e l a t i o n s h i p  f o r  t h e  s a t u r a t e d  r e s e r v o i r  s h o u l d  b e  l e s s  
t h a n  1 0 %, b u t  c o u l d  i n c r e a s e  t o  2 0 % d u r i n g  t h e  f i n a l  s t a g e  
o f  d e p l e t i o n .  Howe v e r ,  t h e  e r r o r  i n  t h e  p r e d i c t e d  i n f l o w  
p e r f o r m a n c e  r e l a t i o n s h i p ,  when a s s u m i n g  a  c o n s t a n t  
p r o d u c t i v i t y  i n d e x ,  r a n g e s  f r o m  70% t o  80%. The i n f l o w  
r a t e  a t  z e r o  s a n d f a c e  f l o w i n g  p r e s s u r e  i s  a p p r o x i m a t e d  f rom 
a  w e l l  t e s t  a n d  E q u a t i o n  3 . 2 . 2 3  w i t h  t h e  f o l l o w i n g  
r e l a t i o n :
*^ t es t
'max
1 -  0 . 2
t e s t
-  0
■ • F r
< 3 . 2 . 2 4 )
w h e r e
q t e s t  = i n f l o w  r a t e  c o r r e s p o n d i n g  t o  f l o w i n g  w e l l b o r e  
p r e s s u r e  <Py,f = ^ wf s ^  d u r i n g  t e s t  ( s t b / d a y )  
? t e s t  ^ f l o w i n g  w e l l b o r e  p r e s s u r e  d u r i n g  t e s t  ( p s i a )
H owe ve r ,  f l o w  t e s t s  a r e  n o t  p e r f o r m e d  on a l l  w e l l s ,  s o  a  
me t h o d  i s  n e e d e d  f o r  c o m p u t i n g  t h e  i n f l o w  r a t e  a t  z e r o  
f l o w i n g  s a n d f a c e  p r e s s u r e  w i t h  j u s t  t h e  r e s e r v o i r  
p r o p e r t i e s .  Knowi ng  t h a t  t h e  s l o p e  o f  t h e  1 PR c u r v e  f o r  a 
s a t u r a t e d  r e s e r v o i r  i s  d e f i n e d  a s  t h e  c h a n g e  i n  f l o w  r a t e  
w i t h  r e s p e c t  t o  t h e  c h a n g e  i n  f l o w i n g  s a n d f a c e  p r e s s u r e ,  o r
dP wf s 'max
0.2
PL
1 .6P wf s
< 3 . 2 . 2 5 )
I f  t h e  s l o p e  i s  e v a l u a t e d  a t  P „ f g  = Pp,  t h i s  g i v e s
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Figure 3.16 - Vogel's Reference Curve for Inflow Performance 
of a Saturated Oil Reservoir (Vogel, 1968)
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dqc
dP
1.8q,
wf s
= J  =
'max
( 3 . 2 . 2 6 )
U s i n g  E q u a t i o n s  3 . 2 . 1 3  o r  3 . 2 1 5  t o  c o m p u t e  J , t h e n  t h e  
i n f l o w  r a t e  a t  z e r o  f l o w i n g  s a n d f a c e  p r e s s u r e  c a n  be  
a p p r o x i m a t e d  w i t h  t h e  f o l l o w i n g  e q u a t i o n :
JP ,
9o max 1 . 6
( 3 . 2 . 2 7 )
Al 1 o f  t h e  a b o v e  e q u a t i o n s  a r e  f o r  a  s a t u r a t e d  r e s e r v o i r  
w h i c h  means  t h e  a v e r a g e  r e s e r v o i r  p r e s s u r e  i s  b e l o w  t h e  
b u b b l e  p o i n t  p r e s s u r e .  Howe ve r ,  i f  t h e  a v e r a g e  r e s e r v o i r  
p r e s s u r e  i s  a b o v e  t h e  b u b b l e  p o i n t  p r e s s u r e ,  b u t  t h e  
f l o w i n g  s a n d f a c e  p r e s s u r e  i s  b e l o w  t h e  b u b b l e  p o i n t  
p r e s s u r e ,  w h a t  m e t h o d  o f  c a l c u l a t i o n  s h o u l d  b e  u s e d ?  T h i s  
s i t u a t i o n  o c c u r i n g  i n  t h e  r e s e r v o i r  i s  i l l u s t r a t e d  by 
F i g u r e s  3 . 1 7  a n d  3 . 1 6 .  F o r  t h i s  s i t u a t i o n ,  V o g e l ' s  me thod  
i s  c o m b i n e d  w i t h  D a r c y ’ s p r i n c i p l e  ( c o n s t a n t  J ) .  Th us ,  t h e  
p o i n t s  on t h e  IPR c u r v e  c a n  b e  d e n o t e d  a s
^ wf s
^ wf s
> Pfa* 9o = J ( P r Pwfs  ) ( 3 . 2 . 2 6 )
< Py :  So = 9b + (9( max 9b
^wfs1 - 0 . 2 [Pb J
0. 8 ( P w f s l
2
[ P b  J
( 3 . 2 . 2 9 )
w h e r e
qy = i n f l o w  r a t e  c o r r e s p o n d i n g  t o  t h e  f l o w i n g
s a n d f a c e  p r e s s u r e  when i t  i s  e q u a l  t o  t h e  b u b b l e  
p o i n t  p r e s s u r e  ( s t b / d a y )
Pjj = b u b b l e  p o i n t  p r e s s u r e  ( s t b / d a y )
The i n f l o w  r a t e  a t  z e r o  f l o w i n g  s a n d f a c e  p r e s s u r e  c a n  be 
a p p r o x i m a t e d  w i t h  e i t h e r  a  f l o w  t e s t  a b o v e  o r  b e l o w  t h e  
b u b b l e  p o i n t  p r e s s u r e  u s i n g  t h e  f o l l o w i n g  e q u a t i o n s :
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Figure 3.17 - Inflow Performance Relationship for 
an Undersaturated Oil Reservoir 
(Beggs, 1984)
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Reservoi r  (Beggs,  1984)
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F o r  t e s t  when > P^,;
J = —=r 9 t e s t
“ ^ t e s t
9b = J ( P r  -  Py)
■ .
’’“ «ax '  1-8
F o r  t e s t  when P
( 3 . 2 . 3 0 )
( 3 . 2 . 3 1 )
( 3 . 2 . 3 2 )
wf < Pb=
J =
^ t e s t
( P r  -  Pb)  + r r e
P t e s t ] P te s t 2 ‘- 0 .8  -p- ■
( 3 .  2.  33)
w h e r e  q>. a n d  q_ a r e  c o m p u t e d  u s i n g  E q u a t i o n s  3 . 2 . 3 1  and  
" "max
3 . 2 . 3 2  r e s p e c t i v e l y .  I f  f l o w  t e s t s  a r e  n o t  p e r f o r m e d ,  t h e  
i n f l o w  r a t e  a t  z e r o  f l o w i n g  s a n d f a c e  p r e s s u r e  i s  c o m p u t e d  
by f i r s t  c a l c u l a t i n g  t h e  p r o d u c t i v i t y  i n d e x  o f  t h e  w e l l  
u s i n g  E q u a t i o n  3 . 2 . 1 5 ,  c a l c u l a t i n g  t h e  i n f o w  r a t e  a t  b u b b l e  
p o i n t  p r e s s u r e  u s i n g  E q u a t i o n  3 . 2 . 3 1 ,  a n d  f i n a l l y  
a p p r o x i m a t i n g  t h e  maximum i n f l o w  r a t e  u s i n g  e q u a t i o n  
3.  2 . 3 2 .
The  a b o v e  e q u a t i o n s  f o r  g e n e r a t i n g  IPR c u r v e s ,  a s  
d e r i v e d  f r o m  V o g e l ’ s s t u d y ,  d o  n o t  c o n s i d e r  a  p e r m e a b i l i t y  
a l t e r a t i o n  i n  t h e  r e s e r v o i r ,  t h u s  t h e  s k i n  e f f e c t  i s  
a s s u m e d  t o  b e  z e r o  f o r  V o g e l ’ s  m e t h o d .  S t a n d i n g  C19701 
a p p l i e d  a  m o d i f i c a t i o n  t o  V o g e l ’ s  e q u a t i o n  a c c o u n t i n g  f o r  
s k i n .  The  s k i n  e f f e c t  a s s o c i a t e d  w i t h  a  r e s e r v o i r  c a n  be 
e x p r e s s e d  i n  t e r m s  o f  f l o w  e f f i c i e n c y  (FE> a s
FE = -%r
wf s
P r  " Pwf s
( 3 . 2 . 3 4 )
The r e l a t i o n s h i p  b e t w e e n  P ^ f g  a n d  P ^ f g  i s  shown i n  F i g u r e s  
3 . 1 9  a n d  3 . 2 0 .  W i t h  t h e  a b o v e  d e f i n i t i o n  a n d  V o g e l ’ s
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Figure 3.20 - Effect of Negative Skin on Inflow
Performance Relationship (Beggs, 1984)
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e q u a t i o n ,  S t a n d i n g  p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n  f o r  
p r e d i c t i n g  t h e  IPR c u r v e  f o r  s a t u r a t e d  r e s e r v o i r s  when 
a c c o u n t i n g  f o r  s k i n .
a
= 1 . 8 ( F E ) Y  -  0 . 8 ( F E ) 2 y 2  ( 3 . 2 . 3 5 )
w h e r e
^wf s
Y = 1 -  — =------ ( 3 . 2 . 3 8 )
P r
q_ a n d  qPE=l  h a v e  t h e  same d e f i n i t i o n s  a s  b e f o r e  when 
max
a p p l i e d  i n  t h e  Voge l  e q u a t i o n .  The  maximum i n f l o w  r a t e  a t  
z e r o  f l o w i n g  s a n d f a c e  p r e s s u r e  i s  c o m p u t e d  a s  b e f o r e .  F o r  
t h e  s i t u a t i o n  when t h e  a v e r a g e  r e s e r v o i r  p r e s s u r e  i s  a b o v e  
t h e  b u b b l e  p o i n t  p r e s s u r e  b u t  t h e  f l o w i n g  s a n d f a c e  
p r e s s u r e  i s  b e l o w ,  t h e  f o l l o w i n g  e q u a t i o n  i s  u s e d  f o r  
p r e d i c t i n g  t h e  IPR c u r v e  when a c c o u n t i n g  f o r  s k i n .
q ^  = qb + (q^G^x “ q b ) [ l ' 8 (PE)Y -  0 . 8 ( F E ) 2 y 2 ]  ( 3 . 2 . 3 7
The f l o w  e f f i c i e n c y  o f  a  w e l l  may be  a p p r o x i m a t e d  i n  two 
wa y s ,  f i r s t  by u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
Cln (X)  -  0 . 7 5 3  
PE ~  Cln (X)  -  0 . 7 5  + S]  ( 3 . 2 . 3 8 )
o r  by s o l v i n g  f o r  t h e  f l o w  e f f i c i e n c y  e x p l i c i t l y  by u s i n g  
two f l o w  t e s t s  p e r f o r m e d  on t h e  same w e l l  a s
2 . 2 5 ( Y t e g t i q t e s t 2  ” ^ t e s t 2 ‘^ t e s t l ^  ^ „
FE — 2  2  ( 3 . 2 . 3 9 )
( Y t e s t l 9 t e s t 2  “ ^ t e s t 2 * ^ t e s t l ^
The a b o v e  e q u a t i o n s  seem t o  g i v e  r e a s o n a b l e  r e s u l t s  
f o r  IPR c u r v e s  c o n s i s t i n g  o f  t h e  r e s e r v o i r  p o r t i o n  f o r  t h e  
p r o d u c t i o n  s y s t e m .  The o t h e r  p o r t i o n  u s e d  f o r  d e s c r i b i n g  
i n f l o w  t o  t h e  n o d e  i s  t h e  c o m p l e t i o n  t y p e  p e r f o r m e d  on  t h e  
w e l l  w h i c h  w i l l  b e  d i c u s s e d  i n  t h e  n e x t  s e c t i o n .
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3 . 3  C o m p l e t i o n  E f f e c t s  on  I n f l o w  P e r f o r m a n c e  R e l a t i o n s h i p
No t  o n l y  i s  t h e  i n f l o w  p e r f o r m a n c e  r e l a t i o n s h i p  
a f f e c t e d  by  r e s e r v o i r  c h a r a c t e r i s t i c s ,  b u t  t h e  c o m p l e t i o n  
t y p e  a s  w e l l .  Many r e s e a r c h e r s  h a v e  f o u n d  t h a t  t h e  IPR 
c u r v e  f o r  a  w e l l  i s  c o n t r o l l e d  more  by  t h e  c o m p l e t i o n  
e f f i c i e n c y  t h a n  by  t h e  a c t u a l  r e s e r v o i r  c h a r a c t e r i s t i c s .  
T h i s  was  d i s c u s s e d  b r i e f l y  e a r l i e r  i n  s e c t i o n  3 . 2  when t h e  
s k i n  t e r m  was  i n t r o d u c e d .
T h e r e  a r e  b a s i c a l l y  t h r e e  t y p e s  o f  c o m p l e t i o n s  o f  a  
w e l l .  T h e s e  c o m p l e t i o n s  d e p e n d  on  t h e  t y p e  o f  w e l l ,  t h e  
w e l l  d e p t h  a n d  t h e  t y p e  o f  r e s e r v o i r  b e i n g  c o n s i d e r e d .
F i r s t ,  a  w e l l  may b e  c o m p l e t e d  a s  a  o p e n  h o l e .  T h a t  
i s ,  t h e  c a s i n g  i s  s e t  a b o v e  t h e  p r o d u c i n g  f o r m a t i o n  a n d  t h e  
f o r m a t i o n  i s  n o t  e x p o s e d  t o  c e m e n t .  The f o r m a t i o n  i s  
d r i l l e d  a f t e r  c a s i n g  h a s  b e e n  s e t .  An o p e n  h o l e  c o m p l e t i o n  
i s  shown i n  F i g u r e  3 . 2 1 .  E q u a t i o n s  f o r  p r e d i c t i n g  t h e  
f l o w i n g  w e l l b o r e  p r e s s u r e  ( P ^ f )  a r e  t h e  same a s  t h e
e q u a t i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n .  I n  e s s e n c e ,  
t h e  f l o w i n g  s a n d f a c e  p r e s s u r e  ( P ^ ^ g )  i s  e q u a l  t o  t h e
f l o w i n g  w e l l b o r e  p r e s s u r e  a n d  t h e  s k i n  t e r m  a c c o u n t s  f o r  
t h e  o p e n  h o l e  c o m p l e t i o n  e f f e c t s .
The m o s t  w i d e l y  u s e d  c o m p l e t i o n  t e c h n i q u e  ( t h e  s e c o n d  
t y p e )  f o r  w e l l s  i s  t o  s e t  t h e  c a s i n g  t h r o u g h  t h e  f o r m a t i o n .  
Cement  i s  u s e d  t o  f i l l  t h e  a n n u l u s  b e t w e e n  t h e  c a s i n g  a n d  
t h e  h o l e .  T h u s ,  p e r f o r a t i o n s  a r e  r e q u i r e d .  I f  t h e  
f o r m a t i o n  i s  w e l l  c o m p a c t e d  o r  c o n s o l i d a t e d ,  t h e  
p e r f o r a t i o n s  r e m a i n  a s  o p e n  t u n n e l s .  T h e r e f o r e ,  t h i s  
c o m p l e t i o n  t y p e  i s  c a l l e d  a  p e r f o r a t e d  w e l l  ( F i g u r e  3 . 2 2 ) .  
The e f f i c i e n c y  o f  t h i s  w e l l b o r e  c o m p l e t i o n  i s  much l e s s  
t h a n  t h a t  o f  a n  o p e n  h o l e  c o m p l e t i o n .  The  e f f i c i e n c y  i s  a 
f u n c t i o n  o f  p e r f o r a t i o n  d e n s i t y ,  p e r f o r a t i o n  l e n g t h ,  
p e r f o r a t i o n  d i a m e t e r ,  p h a s i n g ,  w e l l b o r e  r a d i u s ,  damaged  
z o n e  p e r m e a b i l i t y ,  r a t i o  o f  v e r t i c a l  t o  h o r i z o n t a l  
p e r m e a b i l i t y  a n d  damaged  z o n e  r a d i u s .  The  damaged  z o n e  i n  
t h e s e  c o m p l e t i o n s  i s  c a u s e d  by  t h e  e x p l o s i v e  c h a r g e  o r
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Figure 3.21 - Open Hole Completion
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b u l l e t  w h i c h  f u r t h e r  i n d u c e s  c o m p a c t i o n  a r o u n d  t h e  
p e r f o r a t i o n .  A l l  t h e s e  e f f e c t s  a r e  t h e  m e c h a n i c a l  p a r t s  o f  
t h e  s k i n ,  o r  t h o s e  i n f l u e n c e d  by  t h e  c o m p l e t i o n .  E s t i m a t e d  
v a l u e s  o f  t h e  m e c h a n i c a l  s k i n  may be  o b t a i n e d  f r o m 
n o m o g r a p h s  p u b l i s h e d  by  Hong [ 1 9 7 5 ]  a n d  Locke  [ 1 9 8 1 ] ,  o r  
f r o m e q u a t i o n s  p r o p o s e d  b y  S a i d i k o w s k i  [ 1 9 7 9 ]  a n d  McLeod 
[ 1 9 8 3 ] .
The IPR c u r v e  f o r  t h i s  c o m p l e t i o n  m u s t  a l s o  i n c l u d e  
t h e  f l o w  t h r o u g h  t h e  p e r f o r a t i o n s .  T h e r e f o r e ,  t h e  f l o w i n g  
w e l l b o r e  p r e s s u r e  w i l l  n o t  b e  e q u a l  t o  t h e  f l o w i n g  s a n d f a c e  
p r e s s u r e  a s  i t  was f o r  t h e  o p e n  h o l e  c o m p l e t i o n .
Re m e m b er i n g  t h e  e q u a t i o n s  a s  p r o p o s e d  by  G l a z e ,  B l o u n t ,  a n d  
J o n e s  ( E q u a t i o n s  3 . 2 . 6  a n d  3 . 2 . 1 6 )  f o r  f l u i d  f l o w  i n  t h e  
r e s e r v o i r ,  f l u i d  f l o w  was c o n s i d e r e d  a s  two p a r t s ,  D a r c y  
a n d  n o n - D a r c y .  The e q u a t i o n  f o r  d e t e r m i n i n g  t h e  f l o w i n g  
w e l l b o r e  p r e s s u r e  f o r  a n  o p e n  p e r f o r a t i o n  c a n  be  a n a l g o u s  
t o  E q u a t i o n s  3 . 2 . 7  a n d  3 . 2 . 1 7  a s
Gas  :
P j f s  -  P j f  = Apq + BpqZ ( 3 . 3 . 1 )
Oi 1 :
Pwf s  -  Pwf = Apq + BpqZ ( 3 . 3 . 2 )
w h e r e
Pyf  = f l o w i n g  w e l l b o r e  p r e s s u r e
Ap = l a m i n a r  o r  D a r c y  o p e n  p e r f o r a t i o n  c o m p o n e n t
Bp = t u r b u l e n t  o r  n o n - D a r c y  o p e n  p e r f o r a t i o n
c o m p o n e n t
S c h 1 u m b e r g e r , a  w e l l  s e r v i c e s  c o n t r a c t o r ,  p r o p o s e d  t h e  
f o l l o w i n g  e q u a t i o n s  f o r  d e t e r m i n i n g  t h e  p r e s s u r e  d r o p  
t h r o u g h  a n  o p e n  p e r f o r a t e d  c o m p l e t i o n  a s
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1. 424x 10'^ jjT2[ InCr^/Tp) 3
KpLp q +
3 . 1 6 x 1 0 •12 p y r z d / T p  -  i / T q )
( 3 . 3 . 3 )
011 :
^ w f s  “ ^wf
w h e r e  ;
P
h
.uBJC I n l r ^ / F p )  3
7 . 0 8 x l 0 " ® L „ KP P
q +
2 . 3 0 x 1 0 “ ^^ p8 | p ( l / r p  -  l / r ^ . )
2 . 3 3 x 1 0 10
( 3 . 3 . 4 )
% 1 . 2 0 1  
P
= l e n g t h  o f  p e r f o r a t i o n  ( f t )
= p e r m e a b i l i t y  (md)
= ( k c / k ) k
( k g / k )  = p e r f o r a t i n g  p a r m e t e r  ( d ’ l e s s )
Fp = r a d i u s  o f  p e r f o r a t i o n  t u n n e l  ( f t )
Fg = r a d i u s  o f  c o m p a c t e d  z o n e  ( f t )
= Fp + 0 . 0 4 2
V a l u e s  f o r  t h e  p e r f o r a t i n g  p a r a m e t e r  ( k ^ / k )  c a n  b e  o b t a i n e d  
f r om t h e  f o l l o w i n g  t a b l e  b e l o w :
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T a b l e  3 . 1  
3 fBT> fini rio M n o c   ^®®8 8 ® » 1 984 ]
F l u i d s  i n  H o l e P r e s s u r e  C o n d i t i o n s k j j / k
h i g h  s o l i d s  mud o v e r b a l a n c e 0 . 0 1  -  0 . 0 3
low s o l i d s  mud o v e r b a l a n c e 0 . 0 2  -  0 . 0 4
u n f i l t e r e d  b r i n e o v e r b a l a n c e 0 . 0 4  -  0 . 0 6
f i l t e r e d  b r i n e o v e r b a l a n c e 0 . 0 8  -  0 . 1 6
f i l t e r e d  b r i n e u n d e r b a l a n c e 0 . 1 5  -  0 . 2 5
c l e a n  f l u i d u n d e r b a l a n c e 0 . 3 0  -  0 . 5 0
i d e a l  f l u i d u n d e r b a l a n c e 1 . 0 0
The a b o v e  v a l u e s  a r e  s u g g e s t e d  by McLeod when t h e r e  i s  no 
a v a i l a b l e  API t e s t  d a t a .  The  v a l u e s  o f  t h e  p e r f o r a t i n g  
p a r a m e t e r s  a r e  g e n e r a l l y  made a v a i l a b l e  by t h e  p e r f o r a t i n g  
c o m p a n i e s  f r o m  API R P- 43  t e s t  d a t a .  F o r  e q u a t i o n s  3 . 3 . 3  
a n d  3 . 3 . 4 ,  S c h l u m b e r g e r  r ecommended  t h a t  a  v a l u e  o f  0 . 2  be  
u s e d  i f  t h e  f o r m a t i o n  i s  s h o t  o v e r b a l a n c e d  o r  0 . 6  i f  t h e  
f o r m a t i o n  i s  s h o t  u n d e r b a l a n c e d .
The  t h i r d  c o m p l e t i o n  t y p e  commonly u s e d  i n  w e l l b o r e s  
i s  t h e  g r a v e l  p a c k  c o m p l e t i o n  ( F i g u r e  3 . 2 3 ) .  In t h i s  t y p e  
o f  c o m p l e t i o n  s c h em e ,  a  p e r f o r a t e d ,  s l o t t e d ,  o r  s c r e e n  
l i n e r  i s  s e t  i n s i d e  t h e  c a s i n g  o p p o s i t e  t h e  p r o d u c i n g  
f o r m a t i o n .  A s a n d  more  c o a r s e  t h a n  t h e  f o r m a t i o n  i s  p l a c e d  
i n s i d e  t h e  a n n u l u s  b e t w e e n  t h e  l i n e r  a n d  t h e  f o r m a t i o n .
T h i s  c o a r s e  s a n d  a l s o  f i l l s  t h e  p e r f o r a t i o n s .  Even  t h o u g h  
t h e  s a n d  i s  l o o s e l y  p a c k e d  a n d  h a s  a  h i g h  p e r m e a b i l i t y ,  
t u r b u l e n t  f l o w  t h r o u g h  t h e  s a n d  f i l l e d  p e r f o r a t i o n s  c a n  
c a u s e  a  c o n s i d e r a b l e  p r e s s u r e  d r o p  b e c a u s e  o f  t h e  l i n e a r  
f l o w  n a t u r e  o f  t h e  t u n n e l .  T h i s  i n c r e a s e d  p r e s s u r e  d r o p  
a c r o s s  t h e  g r a v e l  p a c k  n o t  o n l y  c a u s e s  p o o r  w e l l b o r e  
e f f i c i e n c y ,  b u t  may a l s o  d e s t r o y  t h e  g r a v e l  p a c k  i f  i t  
b e c o m e s  t o  l a r g e .
The  e q u a t i o n s  f o r  a p p r o x i m a t i n g  t h e  p r e s s u r e  d r o p  
a c r o s s  a  g r a v e l  p a c k  c o m p l e t i o n  a r e  s i m i l a r  i n  n a t u r e  t o  
E q u a t i o n s  3 . 3 . 1  a n d  3 . 3 . 2 ;  h o w e v e r ,  t h e  l a m i n a r  a n d  
t u r b u l e n t  c o m p o n e n t s  f o r  t h e  g r a v e l  p a c k  mu s t  be  i n c l u d e d .  
T h e s e  e q u a t i o n s  a r e  shown b e l o w :
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Gas :
P j f s  -  Pwf = (Ap + Ac>q + (Bp + B c ) q 2  ( 3 . 3 . 5 )
011  :
Pwfs  -  Pwf = (Ap + AQ)q + (Bp + B g ) q 2  ( 3 . 3 . 6 )
w h e r e
A q  5  l a m i n a r  o r  D a r c y  g r a v e l  p a c k  c o m p e n t
Bq = t u r b u l e n t  o r  n o n - D a r c y  g r a v e l  p a c k  c o m p o n e n t
L i n e a r  f l o w  i s  a s s u m e d  f o r  f l u i d  f l o w  t h r o u g h  t h e  g r a v e l  
p a c k  p e r f o r a t i o n s .  However ,  l i n e a r  f l o w  i s  n o t  e x p e c t e d  
b e t w e e n  t h e  O.D.  o f  a  s c r e e n  l i n e r  a n d  I . D .  o f  t h e  c a s i n g .  
Some r e s e a r c h e r s  b e l i e v e  q a u s i - s p h e r i c a 1 f l o w  p r o p o g a t e s  i n  
t h i s  r e g i o n  o f  t h e  c o m p l e t i o n .  I t  i s  common p r a c t i c e  t o  
a s s u m e  t h e  p r e s s u r e  d r o p  f o r  t h i s  r e g i o n  i s  n e g l i b i e ;  
t h e r e f o r e ,  o n e  i s  o n l y  c o n c e r n e d  w i t h  t h e  p r e s s u r e  d r o p  i n  
t h e  g r a v e l  p a c k  p e r f o r a t i o n s .  ' Fo r  g r a v e l  p a c k e d  w e l l s ,  t h e  
f o r m a t i o n  w i l l  g e n e r a l l y  h a v e  a  h i g h  p e r m e a b i l i t y  d u e  t o  
t h e  u n c o n s o l i d a t e d  n a t u r e  o f  t h e  r e s e r v o i r  s a n d .  T h i s  w i l l  
r e s u l t  i n  a  minimum damage  a s  a  c o m p a c t e d  z o n e  a r o u n d  t h e  
p e r f o r a t i o n s .  T h e r e f o r e ,  t h e  l a m i n a r  o r  D a r c y  g r a v e l  p a c k  
c o m p o ne n t  i s  n e g l i b i e .  In  m o s t  c a s e s ,  Ap i s  a s s u m e d  t o  be
z e r o ,  so  e q u a t i o n s  3 . 3 . 5  a n d  3 . 3 . 6  r e d u c e  t o  
Gas :
Pwfs  " Pwf = Agq + BgqZ ( 3 . 3 . 7 )
Oi 1 :
Pwfs  " Pwf " Agq + Bgq2 ( 3 . 3 . 8 )
The e q u a t i o n s  f o r  d e t e r m i n i n g  t h e  p r e s s u r e  d r o p  a c r o s s  a 
g r a v e l  p a c k  a s  p r o p o s e d  by S c h l u m b e r g e r  a r e  l i s t e d  b e l o w  a s
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wf s
Gas  : 
-  p 2wf
‘  8 . 9 3 x l 0 3 > i T z L  1 ' 1 . 2 4 7 x 1 0 " ^ °  pyrzLKqA ' L a2 Jq
( 3 . 3 . 9 )
wf s
Oi 1 : 
-  P wf
r ^ o L 9 . 0 8 x l 0 " 1 3 f B o f L
. 1 . 1 2 7 x 10"3KqA q + L a2
( 3 . 3 . 1 0 )
w h e r e
L
A
Kr
= l e n g t h  o f  l i n e a r  f l o w  p a t h  ( f t )  
= t o t a l  a r e a  o p e n  t o  f l o w  ( f t ^ )
= nphpJTT^
= numbe r  p e r f o r a t i o n s  p e r  f o o t  
s  p e r m e a b i l i t y  o f  g r a v e l  (md)
The t u r b u l e n c e  c o e f f i c i e n t  ( p) w i l l  be  d i s c u s s e d  i n  
a p p e n d i x  C, w h e r e  t h e  f e a t u r e s  o f  t h e  s o f t w a r e  p a c k a g e  
u s i n g  S y s t e m s  A n a l y s i s  t o  d e s i g n  g a s - c o n d e n s a t e  w e l l s  i s  
d i s c u s s e d .
In d e s c r i b i n g  t h e  i n f l o w  p e r f o r m a n c e  r e l a t i o n s h i p ,  i t  
was b r o k e n  i n t o  t wo  c o m p o n e n t s .  T h a t  i s ,  t h e  p r e s s u r e  d r o p  
i n  t h e  r e s e r v o i r  a n d  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  
c o m p l e t i o n .  Ho we v e r ,  some r e s e a r c h e r s  l i k e  t o  ad d  a l l  t h e  
c o m p o n e n t s  t o g e t h e r  a n d  f o r m o n e  t o t a l  p r e s s u r e  d r o p .  The 
e q u a t i o n s  f o r  t h i s  o n e  p r e s s u r e  d r o p  may be  w r i t t e n  a s
Gas  :
wf
Oi 1 :
(Ar + Ap + A g ) q  + (AR + Ap + AQ)q'
-  Pwf  = <Ar  + Ap + AQ)q + (Ap + Aj AQ)q'
( 3 . 3 . 1 1 )
( 3 . 3 . 1 2 )
T h i s  c o n c l u d e s  t h e  d e s c r i p t i o n  o f  t h e  e q u a t i o n s  f o r  
a p p r o x i m a t i n g  t h e  p r e s s u r e  d r o p s  i n t o  t h e  common n o d e
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p r e s s u r e .  The  n e x t  s e c t i o n  w i l l  b r i e f l y  d i s c u s s  t h e  
o u t f l o w  r e l a t i o n s h i p s .
3 .  4 O u t f l o w  R e l a t i o n s h i p s
The o u t f l o w  r e l a t i o n s h i p s  c o n c e r n  t h e  p r e s s u r e  l o s s e s  
w h i c h  o c c u r  d o w n s t r e a m  o f  t h e  n o d e  p r e s s u r e .  T h u s ,  we a r e  
a p p r o x i m a t i n g  t h e  f l o w i n g  w e l l b o r e  p r e s s u r e  ( b o t t o m h o l e  
p r e s s u r e )  s t a r t i n g  w i t h  t h e  s u r f a c e  p r e s s u r e  a n d  a d d i n g  
p r e s s u r e  l o s s e s  o c c u r r i n g  i n  t h e  t u b i n g  s t r i n g .  I n  o u r  
s t u d y ,  t h e  p r e s s u r e  l o s s e s  t h r o u g h  t h e  s u b s u r f a c e  v a l v e s  
a n d  o t h e r  r e s t r i c t i o n s  w e r e  a s s u m e d  t o  b e  n e g l i b i e .  So t h e  
p r e s s u r e  l o s s e s  t h r o u g h  t h e  t u b i n g  s t r i n g  o n l y  n e e d  be 
c a l c u l a t e d .  T h i s  was  p r e v i o u s l y  i l l u s t r a t e d  by e q u a t i o n  
3 . 1 . 1 2 .
I t  w i l l  be  shown i n  c h a p t e r  6  t h a t  t h e  p r e s s u r e  l o s s e s  
w i t h i n  a  t u b i n g  s t r i n g  a r e  f u n c t i o n s  o f  t h e  p r o d u c i n g  r a t e  
a n d  t h e  c h a r a c t e r i s t i c s  o f  t h e  f l o w  c o m p o n e n t s .
S i n g l e - p h a s e  f l o w  o f  f l u i d s ,  l i q u i d  o r  g a s ,  c a n  b e  c o m p u t e d  
r a t h e r  e a s i l y  i f  t h e  t u b i n g  s i z e  a n d  t u b i n g  r o u g h n e s s  a r e  
known.  H o w e ve r ,  a l m o s t  a l l  p r o d u c i n g  o i l  an d  g a s  w e l l s  
w i l l  b e  p r o d u c i n g  i n  m u l t i p h a s e  c o n d i t i o n s .  U s u a l l y  some 
f r e e  g a s ,  w a t e r  o r  b o t h  w i l l  b e  p r o d u c e d  a l o n g  w i t h  t h e  o i l  
i n  a n  o i l  w e l l ,  w h i l e  m o s t  g a s  w e l l s  w i l l  p r o d u c e  e i t h e r  
w a t e r ,  c o n d e n s a t e  o r  b o t h  a l o n g  w i t h  t h e  g a s .
F o r  a  s i n g l e - p h a s e  f l o w i n g  g a s ,  t h e  C u l l e n d e r  an d  
S m i t h  [ 1 9 5 6 ]  m e t h o d  w i l l  b e  u s e d  f o r  p r e d i c t i n g  t h e  
p r e s s u r e  l o s s e s  t h r o u g h  t h e  t u b i n g  s t r i n g .  When C u l l e n d e r  
a n d  S m i t h  i n t r o d u c e d  t h e i r  m e t h o d ,  t h e  a c c e l e r a t i o n  e f f e c t s  
a s s o c i a t e d  w i t h  t h e  g a s  w e r e  n e g l e c t e d .  Howe ve r ,  i n  t h i s  
s t u d y ,  t h e  a c c e l e r a t i o n  e f f e c t s  w e r e  i n c l u d e d .  The 
a c c e l e r a t i o n  t e r m  f o r  t h e  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  i s  
d e s c r i b e d  i n  a p p e n d i x  B. F o r  O i l  w e l l s ,  m u l t i p h a s e  f l o w  
c o r r e l a t i o n s  w e r e  u s e d ,  wh o se  p r i n c i p l e s  a n d  m e t h o d  of  
c a l c u l a t i o n  a r e  d i c u s s e d  i n  d e t a i l  i n  c h a p t e r  6 .
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3 . 5  S y s t e m s  A n a l y s i s  P a c k a g e
P r i o r  work  was  d o n e  a s  a n  i n d e p e n d e n t  s t u d y  t o w a r d s  
t h e  a u t h o r ’ s  M.S.  d e g r e e .  T h i s  work  was s u p p r o t e d  w i t h  
f u n d s ,  d a t a  a n d  p e r s o n n e l  f r om T e n n e c o  O i l  Co.  The 
r e s u t l i n g  s o f t w a r e  p a c k a g e  g i v e s  a  c o m p l e t e  s y s t e m s  
a n a l y s i s  f o r  e i t h e r  o i l  o r  g a s  w e l l s .  The  s o f t w a r e  p a c k a g e  
was o r i g i n a l l y  named TENSAP o r  T e n n e c o  S y s t e m s  A n a l y s i s  
P r o g r a m .  I t  was  l a t e r  u p d a t e d  t o  TENSAP2 a f t e r  a  summer 
j o b  w i t h  T e n n e c o .  A new v e r s i o n  h a s  now b e e n  w r i t t e n  by 
t h e  a u t h o r  t o  a n a l y z e  g a s - c o n d e n s a t e  w e l l s  ( a  new 
c o n t r i b u t i o n  t o  t h e  a r e a ) .  The p r o b l e m  o f  a n a l y z i n g  
g a s - c o n d e n s a t e  w e l l s  was  p r e s e n t e d  i n  t h e  l i t e r a t u r e  
s u r v e y .  The name o f  t h i s  new u p d a t e d  v e r s i o n  i s  TENSAPC. 
Some o f  t h e  t h e o r e t i c a l  e q u a t i o n s  u s e d  i n  t h e  s o f t w a r e  
p a c k a g e  h a v e  a l r e a d y  be  d i s c u s s e d .  O t h e r  e q u a t i o n s  w i l l  be 
p r e s e n t e d  i n  s u b s e q u e n t  c h a p t e r s  d i s c u s s i n g  p r o p o s e d  
p r o c e d u r e s  o f  a n a l y z i n g  g a s - c o n d e n s a t e  f l u i d  p r o p e r t i e s  a n d  
d e t e r m i n i n g  p r e s s u r e  l o s s e s  i n  v e r t i c a l  p i p e s  f o r  g a s ,  
g a s - c o n d e n s a t e ,  a n d  o i l  w e l l s .  The  s o f t w a r e  p a c k a g e  d a t a  
i n p u t  a n d  f e a t u r e s  w i l l  be  p r e s e n t e d  i n  c o m p l e t e  d e t a i l  i n  
a p p e n d i x  C.
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CHAPTER IV 
D e s c r i p t i o n  o f  C o m p o s i t i o n a l  Model
4 . 1  P h a s e  R e l a t i o n s
B e f o r e  a n y  p r o p o s e d  c o m p o s i t i o n a l  model  c a n  be 
d e s i g n e d  t o  p r e d i c t  p r e s s u r e  t r a v e r s e s  f o r  g a s - c o n d e n s a t e  
w e l l s ,  t h e  p h a s e  b e h a v i o r  o f  t h e  f l o w i n g  f l u i d  mu s t  be  
c o n s i d e r e d .  I t  i s  common k n o w l e d g e  i n  t h e  p e t r o l e u m  
i n d u s t r y ,  t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  a  
" b l a c k  o i l "  a nd  a  g a s - c o n d e n s a t e .  Some o f  t h e s e  
d i f f e r e n c e s  a r e  a p t l y  i l l u s t r a t e d  by c o m p a r i n g  t y p i c a l  
p h a s e  d i a g r a m s .  F i g u r e  4 . 1  s hows  t h e  p h a s e  b e h a v i o r  
e x h i b i t e d  by a  " b l a c k  o i l "  o v e r  a  r a n g e  o f  p r e s s u r e s  an d  
t e m p e r a t u r e s .  The r e s e r v o i r  i s  e s s e n t i a l l y  a n  i s o t h e r m a l  
e n v i r o n m e n t  w h i c h  g e n e r a l l y  e x p e r i e n c e s  p r e s s u r e  d e p l e t i o n  
w i t h  f l u i d  p r o d u c t i o n .  I f  t h e  i n i t i a l  r e s e r v o i r  p r e s s u r e  
i s  s u f f i c i e n t l y  h i g h ,  a  " b l a c k  o i l "  i s  u n d e r s a t u r a t e d  
( s i n g l e  l i q u i d  p h a s e ) .  Then  u p on  r e d u c t i o n  o f  p r e s s u r e ,  
g a s  e v o l v e s  f r om t h e  l i q u i d  when t h e  b u b b l e  p o i n t  p r e s s u r e  
i s  r e a c h e d .  The b u b b l e  p o i n t  i s  t h a t  p r e s s u r e  a t  w h i c h  t h e  
f i r s t  g a s  b u b b l e  s t a r t s  t o  e m e r g e  f r om a  h y d r o c a r b o n  
l i q u i d .  F i g u r e  4 . 2  d e p i c t s  t h e  p h a s e  b e h a v i o r  e x h i b i t e d  by 
a  g a s  c o n d e n s a t e .  I f  t h e  i n i t i a l  r e s e r v o i r  p r e s s u r e  i s  
s u f f i c i e n t l y  h i g h ,  a  g a s - c o n d e n s a t e  f l u i d  i s  a  s i n g l e  g a s  
p h a s e  i n  t h e  r e s e r v o i r  e n v i r o n m e n t .  Upon p r e s s u r e  
r e d u c t i o n ,  d r o p l e t s  o f  l i q u i d  s t a r t  t o  fo rm a f t e r  r e a c h i n g  
w h a t  i s  c a l l e d  t h e  dew p o i n t  p r e s s u r e .  T h e r e f o r e ,  t h e  mos t  
i m p o r t a n t  d i f f e r e n c e  b e t w e e n  a  " b l a c k  o i l "  a nd  a  
g a s - c o n d e n s a t e  i s  t h a t  " b l a c k  o i l "  p h a s e  r e l a t i o n s  a r e  
d e s c r i b e d  u s i n g  a  v a p o r i z a t i o n  a p p r o a c h  ( l i q u i d  e v o l v i n g  a 
g a s )  w h i l e  t h e  p h a s e  d e s c r i p t i o n  o f  a  g a s - c o n d e n s a t e  
e m p l o y s  a  c o n d e n s a t i o n  me c h an i s m  ( g a s  c h a n g i n g  i n t o  a  
1 i q u i d ) .
A n o t h e r  i m p o r t a n t  p h a s e  b e h a v i o r  d i s t i n c t i o n  b e t w e e n  
" b l a c k  o i l "  an d  g a s - c o n d e n s a t e  f l u i d s  i s  t h e i r  p h a s e  
t r a n s i t i o n s  t h a t  o c c u r  w i t h  c o n t i n u e d  p r e s s u r e  r e d u c t i o n .
- € 2 -
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Figure  4.1 -  Phase Diagram of  a Gas-Condensate F lu id  (McCain, 
1973)
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A s s um i n g  t h a t  t h e  r e s e r v o i r  r e m a i n s  i s o t h e r m a l .  F i g u r e  4 . 1  
shows  t h a t  o n c e  g a s  s t a r t s  t o  e v o l v e  f r o m  a  " b l a c k  o i l "  
d u r i n g  p r e s s u r e  r e d u c t i o n ,  two p h a s e s  a r e  p r e s e n t  a n d  
p e r s i s t  e v e n  i f  p r e s s u r e  i s  r e d u c e d  t o  i t s  minimum.  Two 
p h a s e s  a r e  a l s o  p r e s e n t  o n c e  l i q u i d  s t a r t s  t o  e v o l v e  f r om a 
g a s - c o n d e n s a t e  ( F i g u r e  4 . 2 )  w i t h  p r e s s u r e  r e d u c t i o n ;  
h o w e v e r ,  t h e  two p h a s e s  e v e n t u a l l y  r e t u r n  t o  a  s i n g l e  g a s  
p h a s e  i f  p r e s s u r e  i s  r e d u c e d  t o  i t s  minimum.  T h i s  
c h a r a c t e r i s t i c  phenomon o f  a  g a s - c o n d e n s a t e  r e s e r v o i r  f l u i d  
i s  known a s  r e t r o g r a d e  b e h a v i o r .
4 . 2  D e t e r m i n a t i o n  o f  E q u i l i b r i u m  R a t i o s
The b a s i s  o f  a l l  p h a s e  b e h a v i o r  c a l c u l a t i o n s  i s  t h e  
v a p o r - l i q u i d  e q u i l i b r i u m  c o n s t a n t  o r  K - v a l u e  g i v e n  a s :
K i = y i / X i  ( 4 . 2 . 1 )
w h e r e
Kj = v a p o r - l i q u i d  e q u i l i b r i u m  r a t i o
y j  = m o l e  f r a c t i o n  i n  t h e  v a p o r  p h a s e
X£ = m o l e  f r a c t i o n  i n  t h e  l i q u i d  p h a s e
S u b s c r i p t  i  r e f e r s  t o  t h e  d i f f e r e n t  c o m p o n e n t s  i n  t h e  
m i x t u r e .
C o r r e l a t i o n s  a r e  u s e d  t o  p r o v i d e  K - v a l u e s  a t  a  g i v e n  
p r e s s u r e  a n d  t e m p e r a t u r e ,  w i t h  s e t s  o f  c h a r t s  a v a i l a b l e  f o r  
a  g i v e n  m i x t u r e ' s  d i f f e r e n t  c o m p o n e n t s .  A p a r a m e t e r  c a l l e d  
t h e  c o n v e r g e n c e  p r e s s u r e  i s  u s e d  t o  d e c i d e  w h i c h  s e t  o f  
c h a r t s  i s  m o s t  a p p r o p r i a t e .  The c o n v e r g e n c e  p r e s s u r e  
d e p e n d s  upon  t h e  c o m p o s i t i o n  o f  t h e  m i x t u r e ,  a n d  r e p r e s e n t s  
t h a t  p r e s s u r e  a t  w h i c h  K - v a l u e s  f o r  e v e r y  c o m p o n e n t  i n  t h e  
m i x t u r e  become  e q u a l  t o  u n i t y .  In  o t h e r  w o r d s ,  a t  t h e  
c o n v e r g e n c e  p r e s s u r e  t h e  two p h a s e  m i x t u r e  be c o m e s  a  s i n g l e  
p h a s e .  P r e d i c t i n g  c o n v e r g e n c e  p r e s s u r e s  r e q u i r e s l y  d o n e  by 
t h e  u s e  o f  a  c o m p u t e r .  T r i a l  a n d  e r r o r  c o m p u t a t i o n s  a r e
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p e r f o m e d  and  do n o t  g i v e  a  s a t i s f a c t o r y  a n s w e r s  i n  some 
c a s e s .  In  a d d i t i o n ,  t h e  u s e  o f  c h a r t s  f o r  p r e d i c t i n g  
K - v a l u e s  c a n  be  t e d i o u s  an d  q u i t e  o f t e n  e r r o n e o u s .
[ Be r g ma n ,  e t  a l . ,  1976 a n d  iQTTDgj^g t h e
d e v e l o p m e n t s  t o  a s s i s t  i n  p r e d i c t i n g  v a p o r - l i q u i d  
e q u i l i b r i a  was t h e  f u g a c i t y  c o n c e p t  w h i c h  r e l a t e s  t h e  
v a p o r i z a t i o n  c h a r a c t e r i s t i c  t o  t h e  v o l u m e t i c  b e h a v i o r  o f  
t h e  p h a s e s .  The  f u g a c i t y ,  i n t r o d u c e d  by G. N. L e w i s ,  was 
d e f i n e d  a s :
d ( l n  f )
dp -  RT
o r  a l t e r n a t e l y
( 4 . 2 . 2 )
l n ( f / p )  = -  j o   v j d p  ( 4 . 2 . 3 )
w h e r e
f  = f u g a c i t y  o f  p u r e  c o m p o n e n t  
R H u n i v e r s a l  g a s  c o n s t a n t  
T B  a b s o l u t e  t e m p e r a t u r e
V  B a c t u a l  vo l u me  ( m o l a r )  o f  p u r e  c o m p o n e n t  i n  p h a s e
The i d e a l  vo l ume  o f  a  p u r e  f l u i d  c o m p o n e n t  i s  o b t a i n e d  
f r om t h e  i d e a l  g a s  l aw:
pv = RT ( 4 . 2 . 4 )
o r
[ RT 1"p J ( 4 . 2 . 5 )
T h e r e f o r e ,  t h e  f u g a c i t y  c o u l d  be  r e w r i t t e n  a s :
l n ( f / p )  = -  4 t ”  J o ^ V i d e a l  " ^ a c t u a l ' d p  ( 4 . 2 . 6 )
Fo r  a  c o m p o n e n t  i n  a n  i d e a l  s o l u t i o n  a t  e q u i l i b r i u m :
y ^ f V  = x ^ f L  ( 4 . 2 . 7 )
w h e r e  t h e  s u p e r s c r i p t s  V an d  L d e s i g n a t e  t h e  v a p o r  an d
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1i q u i d  p h a s e s  r e s p e c t i v e l y .  T h u s ,  t h e  e q u i l i b r i u m  c o n s t a n t  
f o r  a  c o m p o n e n t  b a s e d  on p u r e  c o m p o n e n t  f u g a c i t i e s  b e c o m e s :
fL
Kj = ( 4 . 2 . 8 )
In  p r o g r e s s i n g  f r om  i d e a l  s o l u t i o n s  t o  r e a l  s o l u t i o n s ,  
i t  i s  n e c e s s a r y  t o  c o m p u t e  t h e  r e a l  f u g a c i t y  o f  c o m p o n e n t s  
i n  m i x t u r e s .  The  c a l c u l a t i o n  ( o r  e s t i m a t i o n )  o f  V g ^ t u a i
b e comes  more c o m p l e x ,  b u t  i s  r e q u i r e d  i n  t h e  more  a c c u r a t e  
p r o c e d u r e .  F o r  e x a m p l e ,  t h e  c o m p o n e n t  f u g a c i t y  f o r  a  v a p o r  
i s  now g i v e n  by :
1 n
whe r e
XiP
RT
i j d p ( 4 . 2 . 9 )
f j / y i P  = SpV = f u g a c i t y  c o e f f c i e n t  o f  c o m p o n e n t  i i n
t h e  v a p o r
= f u g a c i t y  o f  c o m p o n e n t  i i n  t h e  v a p o r
V £ = c o m p o n e n t  p a r t i a l  m o l a r  vo l ume   ^ j ,  T,  P
w h e r e  v i s  t h e  t o t a l  v o l u m e  f o r  t h e  g i v e n  
v a p o r  c o n t a i n i n g  c o m p o n e n t  i and  n i s  t h e  
numbe r  o f  m o l e s  o f  c o m p o n e n t  i
S i n c e  f ^  = f j  a t  e q u i l i b r i u m  ( E q u a t i o n  4 . 2 . 7 )  f o r  a  g i v e n
m i x t u r e ,  t h e  K - v a l u e s  a r e  now g i v e n  by t h e  r a t i o  o f  t h e  
f u g a c i t y  c o e f f i c i e n t s .
Kj = 4 ^ / 4 ^  = y ^ / x i  ( 4 . 2 . 1 0 )
I t  i s  t h e  c a l c u l a t i o n  ( o r  e s t i m a t i o n )  o f  t h e  c o m p o n e n t  
p a r t i a l  m o l a r  vo l u me  w h i c h  p r e s e n t s  t h e  m a j o r  o b s t a c l e .  I f  
v o l u m e t r i c  d a t a  w e r e  a v a i l a b l e  f o r  t h e  m i x t u r e  o f  i n t e r e s t ,  
t h e  d a t a  c o u l d  b e  n u m e r i c a l l y  d i f f e r e n t i a t e d  ( f i n i t e  
d i f f e r e n c e s )  t o  g i v e  t h e  p a r t i a l  m o l a r  vo l ume  o f  e a c h
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c o m p o n e n t .  F o r  c o m p l e x  s y s t e m s  l i k e  n a t u r a l  g a s e s ,  o t h e r  
m e t h o d s  f o r  e s t i m a t i n g  t h i s  vo l u me  a r e  r e q u i r e d .  One 
m e t h od  i s  t o  u s e  a n  e q u a t i o n  o f  s t a t e  t o  d e s c r i b e  how t h e  
v o l u m e  o f  a  p h a s e  i s  a f f e c t e d  by  c h a n g e s  i n  t h e  c o m p o s i t i o n  
o f  t h a t  p h a s e ,  a s  w e l l  a s  c h a n g e s  i n  t e m p e r a t u r e  a n d  
p r e s s u r e .
The e q u a t i o n  o f  s t a t e  i s  u s e d  t o  d e t e r m i n e  t h e  p a r t i a l  
m o l a r  v o l u m e  o f  e a c h  c o m p o n e n t  i n  t h e  v a p o r  a n d  l i q u i d  
p h a s e .  T h e s e  v o l u m e s  i n  t u r n  p r e d i c t  t h e  f u g a c i t y  
c o e f f i c i e n t s  f o r  e a c h  c o m p o n e n t  i n  e a c h  p h a s e  and  
d e t e r m i n e s  t h e  e q u i l i b r i u m  c o n s t a n t s .
4 . 3  SRK an d  PR E q u a t i o n s  o f  S t a t e
Many e q u a t i o n s  o f  s t a t e  a r e  a v a i l a b l e  i n  t h e  
l i t e r a t u r e  f o r  p r e d i c t i n g  t h e  p h a s e  b e h a v i o r  o f  h y d r o c a r b o n  
s y s t e m s .  F i v e  s u c h  e q u a t i o n s  a r e  t h e  C h a o - S e a d e r  ( C S ) ,  
R o b i n s o n - C h a o  (RC) ,  L e e - E r b a r - E d m i n s t e r  (LEE) ,
S t a r  1 i n g - H a n - B e n e d i c t - W e b b - R u b i n  (SHBUR),  a n d
S o a v e - R e d 1i c h - K wo n g  (SRK).  T h e s e  f i v e  e q u a t i o n s  o f  s t a t e
w e r e  c o m p a r e d  a n d  e v a l u a t e d  by E r b a r  a n d  W e s t .  CSoave ,
1972 ]  T h e i r  c o n c l u s i o n  was  t h a t ,  " . . . t h e  SRK e q u a t i o n  o f  
s t a t e ,  a p p e a r s  t o  g i v e  t h e  m o s t  r e l i a b l e  r e s u l t s  f o r  
K - v a l u e s ,  e n t h a l p y  d e p a r t u r e s ,  a n d  e n t r o p y  d e p a r t u r e s  o v e r  
t h e  b r o a d e s t  r a n g e  o f  t e m p e r a t u r e  a n d  p r e s s u r e  c o n d i t i o n s " .  
Howe ve r ,  t h e y  a l s o  s t a t e d  t h a t ,  " L i q u i d  d e n s i t i e s  p r e d i c t e d  
by  t h e  SRK m e t h o d  a r e  n o t  r e l i a b l e " .  He n c e ,  a n o t h e r  
e q u a t i o n  o r  m e t h od  m u s t  b e  e m p l o y e d  i n  c o n v e r t i n g  
l i q u i d / v a p o r  r a t i o s  f r om  a  w e i g h t  b a s i s  t o  a  vo l u me  b a s i s .
Pe n g  a n d  R o b i n s o n  [ 1 9 7 6 ]  p u b l i s h e d  a n o t h e r  
t w o - c o n s t a n t  e q u a t i o n  o f  s t a t e ,  a  m o d i f i e d  f o r m o f  t h e  
Red 1 i c h -Kwong  e q u a t i o n  u s e d  by S o a v e .  T h i s  e q u a t i o n  g a v e  
r e l i a b l e  l i q u i d  d e n s i t i e s ,  a n d  was f o u n d  t o  b e  a s  r e l i a b l e  
a s  t h e  SRK f o r  K - v a l u e  p r e d i c t i o n .  E n t h a p l y  a n d  e n t r o p y  
d e p a r t u r e s  w e r e  n o t  e x a m i n e d .  T h i s  e q u a t i o n  i s  known a s  
t h e  P e n g - R o b i n s o n  (PR) e q u a t i o n  o f  s t a t e  i n  t h e  l i t e r a t u r e .
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[ W h i t s o n ,  1983 a n d  1 9 8 4 ] s h o u l d  b e  n o t e d  t h a t  a  
c h a r a c t e r i z a t i o n  o f  t h e  h e p t a n e s - p l u s  o r  a n y  l a r g e r  
f r a c t i o n  i s  n e e d e d  when u s i n g  a n y  e q u a t i o n  o f  s t a t e .  T h i s  
w i l l  i n s u r e  p r o p e r  p r e d i c t i o n  o f  t h e  p h a s e  p r o p e r t i e s  f o r  
t h e  c o m p l e x  m i x t u r e .
In b a s i c  f o r m ,  t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e  a r e  
g i v e n  a s :
SRK:
RT a ( T )
P = V -  b ~ V( V + b)  ( 4 . 3 . 1 )
PR:
RT a ( T )
P = V -  b " v ( v  + b )  + b ( v  -  b )  ( 4 . 3 . 2 )
R
fatm ■ 1 i t e r  |
= u n i v e r s a l  g a s  c o n s t a n t  %-------------
Ln< "gmole J
w h e r e
P = a b s o l u t e  p r e s s u r e  ( a t m )
t m • t
o
T = a b s o l u t e  t e m p e r a t u r e  ( 9<)
V = m o l a r  v o l u m e  ( 1 i t e r / g m o l e )
b = m o l e c u l a r  r e p u l s i o n  p a r a m e t e r  ( 1 i t e r / g m o l e )
f l i t e r
a ( T )  = m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  [atm " (gmcle^
The a b o v e  e q u a t i o n s  o f  s t a t e  c a n  b e  u s e d  t o  model  t h e  
m i x t u r e ,  t h e  p h a s e ,  o r  t h e  c o m p o n e n t .  The m o l a r  vo l u me  
t h e n  b e c o m e s  t h a t  f o r  t h e  m i x t u r e ,  t h e  p h a s e ,  o r  t h e  
c o m p o n e n t  r e s p e c t i v e l y .  P a r a m e t e r s  a ( T )  a n d  b c a n  be  
c a l c u l a t e d  w i t h  e q u a t i o n s  g i v e n  a s :
a ( T )  = a ( T j ; ) « ( T y ,  o) ( 4 . 3 . 3 )
SRK:
b = 0 . 0 8 6 6 4  RTq / P q ( 4 . 3 . 4 )
PR:
w h e r e
b = 0 . 0 7 7 8 0  RTj j /Pp ( 4 . 3 . 5 )
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a ( T g )  = m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  a t  c r i t i c a l  
t e m p e r a t u r e ,
r 2 t |
= 0 . 4 2 7 4 7 — p  (SRK) ( 4 . 3 . 6 )
*^c
r 2 t |
= 0 . 4 5 7 2 4 — p  (PR) ( 4 . 3 . 7 )
c
oc(Tj., cj) = Cl + ( 0 . 4 8 0 + i . 5 4 7 ( . r 0 .  1 7 6 c ^ )  ( i - T ° - ® )  ) 2  (SRK)
( 4 . 3 . 8 )
= C l + ( 0 . 3 7 4 6 4 + 1 . 5 4 2 2 c r 0 . 2 6 9 9 t f ) ( l - T 0 ' 5 ) ] 2  (pp)
( 4 . 3 . 9 )
Tg = p u r e  c o m p o n e n t  c r i t i c a l  t e m p e r a t u r e  ( ' ^ )
Pg z  p u r e  c o m p o n e n t  c r i t i c a l  p r e s s u r e  ( a t m)
Ty = p u r e  c o m p o n e n t  r e d u c e d  t e m p e r a t u r e  ( T / T ^ )
tj = p u r e  c o m p o n e n t  a c e n t r i c  f a c t o r
F o r  m i x t u r e s ,  p a r a m e t e r s  a ( T )  a n d  b c a n  b e  c a l c u l a t e d  
u s i n g  t h e  f o l l o w i n g  m i x i n g  r u l e s  g i v e n  a s :
a  — ^  ^  x ^ X j a ^ j  ( 4 . 3 . 1 0 )
b = | I X i b i  ( 4 . 3 . 1 1 )
w h e r e
a^  j -  (1 -  S^j )  v é j  ( 4 . 3 .  12)
X = mol e  f r a c t i o n
h i  = a n d  F i r o o z a b a d i ,  1 9 7 8 ] b i n a r y  i n t e r a c t i o n
c o e f f i c i e n t  c h a r a c t e r i z i n g  t h e  b i n a r y  f o r m e d  by 
c o m p o n e n t  i  a n d  c o m p o n e n t  j
The m i x i n g  r u l e s  c a n  b e  a p p l i e d  on a n y  p h a s e ;  t h u s ,  x 
i m p l i e s  t h e  mo l e  f r a c t i o n  r e p r e s e n t a t i v e  o f  t h a t  r e s p e c t i v e  
p h a s e .  The m i x i n g  r u l e s  a r e  b e t t e r  s t a t e d  i n  A p p e n d i x  A 
b e c a u s e  t h e  a b o v e  s u m m a t i o n  e q u a t i o n s  a r e  w r i t t e n  i n  
m a t r i c e  n o t a t i o n .
Once t h e s e  p a r a m e t e r s  h a v e  b e e n  d e t e r m i n e d  f o r  a
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p a r t i c u l a r  m i x t u r e ,  two new p a r a m e t e r s ,  A and  B c a n  be 
c a l c u l a t e d  a s  a  f u n c t i o n  o f  t h e  p r e s s u r e  a n d  t e m p e r a t u r e  
o f  i n t e r e s t  a s  shown i n  t h e  f o l l o w i n g :
a ( T ) P
A = j j2 j2  ( 4 . 3 .  13)
bP
^ " RT ( 4 . 3 . 1 4 )
Knowing t h a t  t h e  m o l a r  v o l u m e  i s :  
zRT
V = p ( 4 . 3 . 1 5 )
a nd  s u b s t i t u t i n g  t h e s e  f u n c t i o n s  i n t o  t h e  b a s i c  f o r m s  o f  
t h e  SRK and  PR e q u a t i o n s  g i v e s :
SRK:
z3  -  2% + ( A - B - b2 ) z  = 0 ( 4 . 3 . 1 6 )
PR:
z® -  ( 1 - B ) z %  + ( A - 3 b 2 - 2 B ) z -  (AB- B^- B^)  = 0 ( 4 . 3 . 1 7 )
The two a b o v e  e q u a t i o n s  a r e  t h e  c u b i c  f o r m s  o f  t h e  SRK and
PR e q u a t i o n s  o f  s t a t e  a n d  a r e  t h e  f o r m u l a t i o n s  u s e d  f o r  
c o m p u t e r  m o d e l i n g .  A l l  p a r a m e t e r s  a r e  c a l c u l a t e d  a s  
d e s c r i b e d  f o r  a  g i v e n  p h a s e ,  l i q u i d  o r  v a p o r ,  a n d  t h e  c u b i c  
f o r m o f  t h e  SRK o r  PR e q u a t i o n  i s  s o l v e d  f o r  i t s  r o o t s .  I f  
t h e  c a l c u l a t i o n s  a r e  b e i n g  made f o r  a  v a p o r  p h a s e ,  t h e  
l a r g e s t  p o s i t i v e  r o o t  i s  t h e  c o m p r e s s i b i l i t y  f a c t o r  o f  t h e  
v a p o r  p h a s e .  I f  on t h e  o t h e r  h a n d ,  c a l c u l a t i o n s  a r e  b e i n g  
made f o r  a  l i q u i d  p h a s e ,  t h e  s m a l l e s t  p o s i t i v e  r o o t  w i l l  be  
t h e  c o m p r e s s i b i l i t y  f a c t o r  o f  t h e  l i q u i d  p h a s e .
Once t h e  c o m p r e s s i b i l i t y  f a c t o r s  o f  t h e  r e s p e c t i v e  
p h a s e s  h a v e  b e e n  d e t e r m i n e d ,  t h e  f u g a c i t y  c o e f f i c i e n t  
o f  e a c h  p h a s e  c a n  b e  c a l c u l a t e d  a s :
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SRK:
l n (  (fy )
B
<2 - 1 ) -  l n ( z - B )  -
b j
( 4 . 3 . 1 8 )
PR!
( 2 - 1 )
2 . 82843B
l n ( 2 -B)  - 
2 S  x j a i j
in P + 2 . 4 1 4 B 1 
I2 -O.  414B J
w h e r e
b
2
X J
' i j
.  
( 4 . 3 . 1 9 )
= f u g a c i t y  c o e f f i c i e n t  o f  c o m p o n e n t  j  
= m o l e c u l a r  r e p u l s i o n  p a r a m e t e r  o f  c o m p o n e n t  j  i n  
p h a s e
= p h a s e  m o l e c u l a r  r e p u l s i o n  p a r a m e t e r  
= c o m p r e s s i b i l i t y  f a c t o r  o f  p h a s e  
= mol e  f r a c t i o n  o f  c o m p o n e n t  i  i n  p h a s e
= m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  f o r  c o m p o n e n t s  i
a n d  j  i n  p h a s e
A f t e r  d e t e r m i n i n g  t h e  f u g a c i t y  c o e f f i c i e n t  f o r  e a c h  p h a s e ,  
t h e y  c a n  b e  r e l a t e d  t o  t h e  e q u i l i b r i u m  c o n s t a n t  o r  K - v a l u e  
a s  s t a t e d  b e f o r e  b y  u s i n g  E q u a t i o n  4 . 2 . 1 0 .
U s i n g  t h e  a b o v e  i n f o r m a t i o n ,  a  t r i a l  a n d  e r r o r  
s o l u t i o n  t e c h n i q u e  i s  t h e n  a p p l i e d  t o  s o l v e  f o r  t h e  p h a s e  
c o m p o s i t i o n s .  P h a s e  c o m p o s i t i o n s  a r e  f i r s t  c a l c u l a t e d  by 
f l a s h i n g  t h e  m i x t u r e  u s i n g  e s t i m a t e d  K - v a l u e s .  T h e s e  p h a s e  
c o m p o s i t i o n s  a r e  t h e n  u s e d  t o  f i r s t  d e t e r m i n e  t h e  l i q u i d  
a nd  v a p o r  c o m p r e s s i b i l i t y  f a c t o r s ,  s e c o n d  d e t e r m i n e  t h e  
f u g a c i t y  c o e f f i c i e n t s ,  a n d  d e t e r m i n e  new K - v a l u e s  w h i c h  may 
be  u s e d  t o  r e f l a s h  t h e  m i x t u r e .  N e x t ,  t h e  f u g a c i t y  o f  e a c h  
c o m p o n e n t  i n  e a c h  p h a s e  i s  c h e c k e d  t o  s e e  i f  e q u i l i b r i u m  
h a s  b e e n  r e a c h e d ,  a n d  i f  n o t ,  t h e  new e s t i m a t e s  f o r  t h e
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p h a s e  c o m p o s i t i o n s  a r e  u s e d  t o  r e p e a t  t h e  p r o c e s s  u n t i l  t h e
e q u i l i b r i u m  c o n d i t i o n  o f  4^ = 4^ i s  s a t i s f i e d  f o r  e a c h
c o m p o n e n t .  The  a b o v e  t r i a l  a n d  e r r o r  s o l u t i o n  t e c h n i q u e  i s  
known a s  t h e  m e t h o d  o f  s u c c e s s i v e  s u b s t i t u t i o n .  T h i s  
m e t h o d  a nd  a n o t h e r  w i l l  b e  d i c u s s e d  t h o r o u g h l y  i n  A p p e n d i x  
A.
A f t e r  o b t a i n i n g  a  c o m p l e t e  c o m p o s i t i o n a l  d e s c r i p t i o n  
o f  t h e  g a s - c o n d e n s a t e  f l u i d ,  t h e  f l u i d  p r o p e r t i e s  a r e  
c o m p u t e d .  Wi t h  t h e s e  f l u i d  p r o p e r t i e s ,  t h e  p r e s s u r e  l o s s e s  
c a n  b e  c a l c u l a t e d  when g a s - c o n d e n s a t e  f l u i d s  f l o w  t h r o u g h  
v e r t i c a l  p i p e s .
4 . 4  C h a r a c t e r i z i n g  t h e  Cy+ o r  H e a v i e r  H y d r o c a r b o n  
F r a c t i o n
As m e n t i o n e d  b e f o r e ,  t h e  h e p t a n e s - p l u s  o r  h e a v i e r  
f r a c t i o n  i n  t h e  h y d r o c a r b o n  m i x t u r e  m u s t  b e  c h a r a c t e r i z e d  
i n  a l m o s t  a l l  c a s e s .  M e t h o d s  o r  p r o c e d u r e s  u s e d  f o r  
c h a r a c t e r i z i n g  t h e s e  f r a c t i o n s  i n v o l v e s  l u m p i n g  s c he m e s  
s u c h  a s :  ( 1 ) t r i a l  a nd  e r r o r  m e t h o d s ,  ( 2 ) m e t h o d s  u n d e r
a r b i t r a r y  r u l e s ,  o r  ( 3 )  t r i a l  an d  e r r o r  m e t h o d s  w i t h i n  
s p e c i f i c  g u i d e l i n e s .  The a b o v e  m e t h o d s  o f t e n  r e q u i r e  
e x p e r i m e n t a l  d a t a  w h i c h  i s  u n a v a i l a b l e ,  a n d  i n  m o s t  c a s e s  
t h e  e r r o r  i n  t h e  l u m p i n g  s c h e m e s  c a n  become q u i t e  l a r g e .  
B e h r e n s  a n d  S a n d l e r [ 1 9 8 6 ] ,  p r o p o s e d  a  m e t h o d  f o r  g i v i n g  a  
s e m i c o n t i n u o u s  t h e r m o d y n a m i c  d e s c r i p t i o n  o f  t h e  
h e p t a n e s - p l u s  o r  a  h e a v i e r  f r a c t i o n  i n  a  h y d r o c a r b o n  
m i x t u r e .  The  m e t h o d  p r o v i d e d  e x c e l l e n t  r e p r e s e n t a t i o n  w i t h  
PVT d a t a  u s e d  i n  t h e  s t u d y .  T h e s e  s a t i s f a c t o r y  r e s u l t s  
w e r e  o b t a i n e d  by s i m p l y  d e s c r i b i n g  t h e  h e a v y  f r a c t i o n  u s i n g  
two p s e u d o  c o m p o n e n t s .
A s e m i c o n t i n u o u s  t h e r m o d y n a m i c  d e s c r i p t i o n  o f  a  
h y d r o c a r b o n  f r a c t i o n  i s  a c h i e v e d  by  c h o o s i n g  a  d i s t r i b u t i o n  
f u n c t i o n ,  f i t t i n g  t h e  p a r a m e t e r s  o f  t h e  d i s t r i b u t i o n  
f u n c t i o n  t o  t h e  h y d r o c a r b o n  f r a c t i o n  b e i n g  m o d e l e d .
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a s s i g n l n g  p s e u d o  c o m p o n e n t s  c o r r e s p o n d i n g  t o  t h e  G a u s s i a n  
q u a d r a t u r e  p o i n t s ,  a n d  p e r f o r m i n g  t h e  e q u a t i o n  o f  s t a t e  
c a l c u l a t i o n s  a s  i f  t h e  s y s t e m  w e r e  c o m p os e d  o f  o n l y  
d i s c r e t e  c o m p o n e n t s .  A s t e p - b y - s t e p  p r o c e d u r e  s h o w i n g  how 
t h e  m e t h o d  g i v e s  a  s e m i c o n t i n u o u s  t h e r m o d y n a m i c  d e s c r i p t i o n  
o f  t h e  h y d r o c a r b o n  f r a c t i o n  w i l l  b e  s t a t e d  i n  t h e  f o l l o w i n g  
p a r a g r a p h s .
F i r s t  t h e  e n d s  o f  t h e  d i s t r i b u t i o n  m u s t  b e  f o u n d .  
U s u a l l y  t h e  h y d r o c a r b o n  f r a c t i o n  b e i n g  m o d e l e d  i s  e i t h e r  
h e p t a n e s - p l u s  o r  h e a v i e r .  W h a t e v e r  t h e  f r a c t i o n  i s ,  t h i s  
w i l l  g i v e  r e f e r e n c e  t o  t h e  s t a r t  o f  t h e  d i s t r i b u t i o n  o r  
s t a r t i n g  c a r b o n  n u mb e r .  The  u p p e r  end  o f  t h e  d i s t r i b u t i o n  
r a n g e s  f ro m CgQ -  ca Howe ve r ,  i n  m o s t  c a s e s  t h e  e n d i n g
c a r b o n  numbe r  i s  5 0 .  S i n c e  t h e  e n d p o i n t s  o f  t h e  
d i s t r i b u t i o n  a r e  a s s u m e d  t o  s t a r t  an d  e n d  a t  t h e  m i d p o i n t  
b e t w e e n  t h e  two c a r b o n  n u m b e r s ,  t h e  e f f e c t i v e  e n d p o i n t s  
become :
A = s t a r t i n g  c a r b o n  number  -  1 / 2  ( 4 . 4 . 1 )
B = e n d i n g  c a r b o n  number  -  1 / 2  ( 4 . 4 . 2 )
In  t h e  s e c o n d  s t e p ,  t h e  s l o p e  o f  t h e  d i s t r i b u t i o n  i s  
d e t e r m i n e d .  The s l o p e  o f  t h e  d i s t r i b u t i o n  i s  f o u n d  f rom
t h e  a v e r a g e  c a r b o n  number  (C^)  w h i c h  i s  r e l a t e d  t o  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  (MW) o f  t h e  a p p r o x i m a t e l y  a s :
C„ = (MW + 4 ) / 1 4  ( 4 . 4 . 3 )
The s l o p e  o f  t h e  d i s t r i b u t i o n  ( « )  i s  t h e n  f o u n d  f r om  t h e  
f o l l o w i n g  e q u a t i o n :
r ( B - A ) e - B *  1
L e-A* - e-B« JL = c „  -  A + I  I ( 4 . 4 . 4 )
I f  t h e  u p p e r  e n d p o i n t  i s  i n f i n i t e ,  t h e  t e r m  i n  t h e  b r a c k e t s  
w o u l d  v a n i s h  a nd  1/oc c o u l d  be  f o u n d  e x p l i c i t l y .  However ,  
i f  t h e  e n d p o i n t  i s  f i n i t e ,  oc i s  f o u n d  i t e r a t i v e l y  by
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s u c c e s s i v e  s u b s t i t u t i o n s  o r  s o l v i n g  t h e  n o n - l i n e a r i t y  o f  
t h e  e q u a t i o n .
N e x t  t h e  i n t e r g r a t i o n  p o i n t s  a n d  w e i g h t s  a r e  f o u n d .
The u p p e r  end  o f  t h e  i n t e g r a t i o n  r a n g e  i s  d e t e r m i n e d  by 
t h e  f o l l o w i n g  e q u a t i o n :
c  = CB-A)« ( 4 . 4 . 5 )
Wi th  t h e  u p p e r  en d  o f  t h e  i n t e g r a t i o n  r a n g e ,  t h e  
i n t e g r a t i o n  p o i n t s  ( z ^ ,  Z2 > and  w e i g h t s  ( w j ,  W£) a r e
c o m p u t e d  by i n t e r p o l a t i n g  b e t w e e n  t h e  v a l u e s  g i v e n  i n  
T a b l e  4 . 1 .
In t h e  f o u r t h  s t e p ,  t h e  p s e u d o  c o m p o n en t  c a r b o n  
n u m b e r s  ( n j )  an d  mo l e  f r a c t i o n s  ( x j )  a r e  d e t e r m i n e d  u s i n g
t h e  f o l l o w i n g  e q u a t i o n s :
nj  = Zj^/o: + A ( 4 . 4 . 6 )
Xi  = Wj Xq ( 4 . 4 . 7 )
w h e r e
XQ = t o t a l  mo l e  f r a c t i o n  o f  h y d r o c a r b o n  f r a c t i o n
A f t e r  t h e  p s e u d o  c o m p o n e n t  c a r b o n  n um b e r s  an d  mol e  
f r a c t i o n s  a r e  d e t e r m i n e d ,  t h e  s e m i c o n t i n u o u s  t h e r m o d y n a m i c  
d e s c r i p t i o n  i s  c o m p l e t e .
P h y s i c a l  an d  c r i t i c a l  p r o p e r t i e s  a r e  t y p i c a l l y  
a s s i g n e d  t o  t h e  p s e u d o  c o m p o n e n t s .  The c r i t i c a l  p r o p e r t i e s  
a r e  u s u a l l y  a s s i g n e d  t o  t h e  p s e u d o  c o m p o n e n t s  f r om 
g e n e r a l i z e d  c o r r e l a t i o n s .  The Wat son  C h a r a c t e r i z a t i o n  
m e t h o d ,  a s  p r o p o s e d  by W h i t s o n  [ 1 9 8 3 ] ,  i s  t h e  b a s i s  o f  t h e  
m o s t  e f f i c i e n t  o f  t h e  g e n e r a l i z e d  c o r r e l a t i o n s .  T h i s  
m e t h od  g a v e  r e a s o n a b l e  v a l u e s  f o r  t h e  p h y s i c a l  a n d  c r i t i c a l  
p r o p e r t i e s  o f  h y d r o c a r b o n  f r a c t i o n s .  The e q u a t i o n  f o r m f o r  
a l l  t h e  c o r r e l a t i o n s  i s  t h e  same:
e  = a T ^ v °  ( 4 . 4 . 8 )
w h e r e  8  i s  a  p h y s i c a l  o r  c r i t i c a l  p r o p e r t y .  The  c o n s t a n t s  
" a " ,  " b " ,  a nd  " c "  a r e  o b t a i n e d  f rom t h e  v a l u e s  l i s t e d  i n
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c = 1 % 2 " 1 * 2
0 . 3 0 0 . 0 6 1 5 0 . 2 3 4 7 0 . 5 3 2 4 0 . 4 6 7 6
0 . 4 0 0 . 0 7 9 5 0 . 3 1 0 1 0 . 5 3 5 3 0 . 4 6 4 7
0 . 5 0 0 . 0 9 7 7 0 . 3 8 5 7 0 . 5 4 3 1 0 . 4 5 6 9
0 . 6 0 0 . 1 1 5 5 0 . 4 6 0 7 0 . 5 5 1 8 0 . 4 4 8 2
0 . 7 0 0 . 1 3 2 6 0 . 5 3 4 7 0 . 5 6 0 1 0 . 4 3 9 9
0 . 80 0 . 1 4 9 2 0 . 6 0 8 2 0 . 5 6 8 5 0 . 4 3 1 5
0 . 9 0 0 . 1 6 5 2 0 . 6 8 0 7 0 . 5 7 6 7 0 . 4 2 3 3
1 . 0 0 0 . 1 8 0 8 0 . 7 5 2 4 0 . 5 8 4 9 0 . 4 1 5 1
1 . 1 0 0 . 1 9 5 9 0 . 8 2 3 3 0 . 5 9 3 2 0 . 4 0 6 8
1 . 2 0 0 . 2 1 0 4 0 . 8 9 3 3 0 . 6 0 1 1 0 . 3 9 8 9
1 . 3 0 0 . 2 2 4 5 0 . 9 6 2 5 0 . 6 0 9 1 0 . 3 9 0 9
1 . 4 0 0 . 2 3 8 1 1 . 0 3 0 7 0 . 6 1 6 9 0 . 3 8 3 1
1 . 5 0 0 . 2 5 1 2 1 . 0 9 8 0 0 . 6 2 4 5 0 . 3 7 5 5
1 . 6 0 0 . 2 6 3 9 1 . 1 6 4 4 0 . 6 3 2 1 0 . 3 6 7 9
1 . 7 0 0 . 2 7 6 3 1 . 2 2 9 9 0 . 6 3 9 5 0 . 3 6 0 5
1 . 8 0 0 . 2 8 8 1 1 . 2 9 4 4 0 . 6 4 6 8 0 . 3 5 3 2
1 . 9 0 0 . 2 9 9 6 1 . 3 5 7 9 0 . 6 5 3 9 0 . 3 4 6 1
2 . 0 0 0 . 3 1 0 7 1 . 4 2 0 4 0 . 6 6 1 0 0 . 3 3 9 0
2 . 1 0 0 . 3 2 1 5 1 . 4 8 1 9 0 . 6 6 7 8 0 . 3 3 2 2
2 . 2 0 0 . 3 3 1 8 1 . 5 4 2 4 0 . 6 7 4 5 0 . 3 2 5 5
2 . 3 0 0 . 3 4 1 8 1 . 6 0 1 8 0 . 6 8 1 0 0 . 3 1 9 0
2 . 4 0 0 . 3 5 1 5 1 . 6 6 0 2 0 . 6 8 7 4 0 . 3 1 2 6
2 . 5 0 0 . 3 6 0 8 1 . 7 1 7 5 0 . 6 9 3 7 0 . 3 0 6 3
2 . 6 0 0 . 3 6 9 9 1 . 7 7 3 8 0 . 6 9 9 7 0 . 3 0 0 3
2 . 7 0 0 . 3 7 8 6 1 . 8 2 8 9 0 . 7 0 5 6 0 . 2 9 4 4
2 . 8 0 0 . 3 8 7 0 1 . 8 8 3 0 0 . 7 1 1 4 0 . 2 8 8 6
2 . 9 0 0 . 3 9 5 1 1 . 9 3 6 0 0 . 7 1 7 0 0 . 2 8 3 0
3 . 0 0 0 . 4 0 2 9 1 . 9 8 7 8 0 . 7 2 2 4 0 . 2 7 7 6
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c = 1 = 2 " 1 " 2
3 .  10 0 . 4 1 0 4 2 . 0 3 8 6 0 . 7 2 7 7 0 . 2 7 2 3
3 . 2 0 0 . 4 1 7 7 2 . 0 8 8 2 0 . 7 3 2 8 0 . 2 6 7 2
3 . 3 0 0 . 4 2 4 7 2 . 1 3 6 7 0 . 7 3 7 8 0 . 2 6 2 2
3 .  40 0 . 4 3 1 5 2 . 1 8 4 0 0 . 7 4 2 6 0 . 2 5 7 4
3 . 5 0 0 . 4 3 8 0 2 . 2 3 0 3 0 . 7 4 7 2 0 . 2 5 2 8
3 .  60 0 . 4 4 4 3 2 . 2 7 5 4 0 . 7 5 1 7 0 . 2 4 8 3
3 . 7 0 0 . 4 5 0 4 2 . 3 1 9 3 0 . 7 5 6 1 0 . 2 4 3 9
3 .  80 0 . 4 5 6 2 2 . 3 6 2 1 0 . 7 6 0 3 0 . 2 3 9 7
3 . 9 0 0 . 4 6 1 8 2 . 4 0 3 8 0 . 7 6 4 4 0 . 2 3 5 6
4 . 0 0 0 . 4 6 7 2 2 . 4 4 4 4 0 . 7 6 8 3 0 . 2 3 1 7
4 .  10 0 . 4 7 2 4 2 . 4 8 3 8 0 . 7 7 2 1 0 . 2 2 7 9
4 . 2 0 0 . 4 7 7 5 2 . 5 2 2 1 0 . 7 7 5 7 0 . 2 2 4 3
4 . 3 0 0 . 4 8 2 3 2 . 5 5 9 3 0 . 7 7 9 2 0 . 2 2 0 8
4 .  40 0 . 4 8 6 9 2 . 5 9 5 4 0 . 7 8 2 6 0 . 2 1 7 4
4 . 5 0 0 . 4 9 1 4 2 . 6 3 0 4 0 . 7 8 5 8 0 . 2 1 4 2
4 . 6 0 0 . 4 9 5 7 2 . 6 6 4 3 0 . 7 8 9 0 0 . 2 1 1 0
4 . 7 0 0 . 4 9 9 8 2 . 6 9 7 1 0 . 7 9 2 0 0 . 2 0 8 0
4 . 8 0 0 . 5 0 3 8 2 . 7 2 8 9 0 . 7 9 4 9 0 . 2 0 5 1
4 . 9 0 0 . 5 0 7 6 2 . 7 5 9 6 0 . 7 9 7 7 0 . 2 0 2 3
5 . 0 0 0 . 5 1 1 2 2 . 7 8 9 3 0 . 8 0 0 3 0 . 1 9 9 7
5 .  10 0 . 5 1 4 8 2 . 8 1 7 9 0 . 8 0 2 9 0 . 1 9 7 1
5 . 2 0 0 . 5 1 8 1 2 . 8 4 5 6 0 . 8 0 5 4 0 . 1 9 4 6
5 . 3 0 0 . 5 2 1 4 2 . 8 7 2 2 0 . 8 0 7 7 0 . 1 9 2 3
5 . 4 0 0 . 5 2 4 5 2 . 8 9 7 9 0 . 8 1 0 0 0 . 1 9 0 0
5 . 5 0 0 . 5 2 7 4 2 . 9 2 2 6 0 . 8 1 2 1 0 . 1 8 7 9
5 . 6 0 0 . 5 3 0 3 2 . 9 4 6 4 0 . 8 1 4 2 0 . 1 8 5 8
5 . 7 0 0 . 5 3 3 0 2 . 9 6 9 3 0 . 8 1 6 2 0 . 1 8 3 8
5 . 8 0 0 . 5 3 5 6 2 . 9 9 1 3 0 . 8 1 8 1 0 . 1 8 1 9
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c = 1 = 2 " 1 “ 2
5 . 9 0 0 . 5 3 8 1 3 . 0 1 2 4 0 . 8 1 9 9 0 . 1801
6 . 0 0 0 . 5 4 0 5 3 . 0 3 2 7 0 . 8 2 1 6 0 . 1 7 8 4
6 . 2 0 0 . 5 4 5 0 3 . 0 7 0 7 0 . 8 2 4 8 0 . 1 7 5 2
6 . 4 0 0 . 5 4 9 1 3 . 1 0 5 6 0 . 8 2 7 8 0 . 1 7 2 2
6 . 6 0 0 . 5 5 2 8 3 . 1 3 7 5 0 . 8 3 0 5 0 . 1 6 9 5
6 . 80 0 . 5 5 6 2 3 . 1 6 6 6 0 . 8 3 2 9 0 . 1 6 7 1
7 . 0 0 0 . 5 5 9 3 3 . 1 9 3 0 0 . 8 3 5 1 0 . 1 6 4 9
7 . 2 0 0 . 5 6 2 1 3 . 2 1 7 0 0 . 8 3 7 1 0 . 1 6 2 9
7 . 4 0 0 . 5 6 4 6 3 . 2 3 8 8 0 . 8 3 8 9 0 . 1 6 1 1
7 . 7 0 0 . 5 6 8 0 3 . 2 6 7 4 0 . 8 4 1 3 0 . 1 5 8 7
8 . 1 0 0 . 5 7 1 7 3 . 2 9 9 2 0 . 8 4 3 9 0 . 1 5 6 1
8 . 5 0 0 . 5 7 4 8 3 . 3 2 4 7 0 . 8 4 6 0 0 . 1 5 4 0
9 . 0 0 0 . 5 7 7 7 3 . 3 4 9 4 0 . 8 4 8 0 0 . 1 5 2 0
1 0 . 0 0 . 5 8 1 6 3 . 3 8 1 1 0 . 8 5 0 7 0 . 1 4 9 3
1 1 . 0 0 . 5 8 3 6 3 . 3 9 7 8 0 . 8 5 2 1 0 . 1 4 7 9
1 2 . 0 0 . 5 8 4 7 3 . 4 0 6 3 0 . 8 5 2 9 0 . 1 4 7 1
1 4 . 0 0 . 5 8 5 6 3 . 4 1 2 5 0 . 8 5 3 4 0 . 1 4 6 6
1 6 . 0 0 . 5 8 5 7 3 . 4 1 3 9 0 . 8 5 3 5 0 . 1 4 6 5
1 8 . 0 0 . 5 8 5 8 3 . 4 1 4 1 0 . 8 5 3 6 0 . 1 4 6 4
2 0 . 0 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
2 5 . 0 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
3 0 . 0 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
4 0 .  0 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
6 0 . 0 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
1 0 0 . 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
00 0 . 5 8 5 8 3 . 4 1 4 2 0 . 8 5 3 6 0 . 1 4 6 4
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T a b l e  4 . 2 .  The n o r ma l  b o i l i n g  p o i n t  (Ty)  an d  s p e c i f i c
g r a v i t y  ( y) f o r  a  s y n t h e t i c  c a r b o n  number  g r o u p  were  
o b t a i n e d  by i n t e r p o l a t i n g  b e t w e e n  t h e  v a l u e s  l i s t e d  i n  
T a b l e  4 . 3 .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  m o l e c u l a r  w e i g h t  
c o n s t a n t s  w e r e  a l t e r e d  f o r  s y n t h e t i c  c a r b o n  number  g r o u p s
g r e a t e r  t h a n  2 2 .  The m o d f i f i e d  c o n s t a n t s  a r e :
a = 2 . 4 8 2 x 1 0 “ ^ ,  b = 2 . 9 2 3 3 ,  a n d  c = - 2 . 4 5 7 0 .
The s e m i c o n t i n u o u s  t h e r m o d y n a m i c  d e s c r i p t i o n  
a c c u r a t e l y  m o d e l s  t h e  h e p t a n e s - p l u s  o r  h e a v i e r  f r a c t i o n  
w i t h  a s  few a s  two p s e u d o  c o m p o n e n t s .  Mos t  i m p o r t a n t l y ,  
t h e  c h o i c e  o f  t h e  p s e u d o  c o m p o n e n t s  i s  r i g o r o u s ,  e a s y  t o  
i m p l e m e n t ,  an d  d o e s  n o t  r e q u i r e  i t e r a t i o n  o r  c o m p a r i s o n  
r u n s .
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C o n s t a n t s
P r o p e r t y a b c
M ( ma s s / m o  1 e ) 4 . 5 6 7 3 0 x 1 0 “ ^ 2 . 1 9 6 2 - 1 . 0 1 6 4
( m a s s / m o  1 e ) 1 . 6 6 0 7 0 x 1 0 " ® ( S I )
To ( °R) 2 . 4 2 7 8 7 x 1 0 ^ 0 . 5 8 8 4 8 0 . 3 5 9 6
< °F) 1 . 9 0 6 2 3 x 1 0 ^ ( S I )
Po ( p s i a ) 3 . 1 2 2 8 1 x 1 0 ® - 2 . 3 1 2 5 2 . 3 2 0 1
( k P a ) 5 . 5 3 0 2 8 x 1 0 ® ( S I )
Pc ( p s i a ) 2 . 4 1 4 9 0 x 1 0 1 4 - 3 . 8 6 6 1 8 4 . 2 4 4 8
( k P a ) 1 . 7 1 5 8 9 x 1 0 1 4 ( S I )
(Tb >850 ° R  o n l y )
^cm ( f t  3 / i b m- mo l e ) 7 . 0 4 3 4 0 x 1 0 “ ? 2 . 3 8 2 9 - 1 . 6 8 3
(m 3 / kg  -mol e ) 1 . 7 8 4 2 0 x 1 0 “ ? ( S I )
Vc ( f t  3 / l b ) 7 . 5 2 1 4 0 x 1 0 “ ® 0 . 2 8 9 6 - 0 . 7 6 6 6
(m 3 / k g ) 5 . 5 6 6 8 0 x 1 0 “ ® ( S I )
Vim ( cm 3/g -mol e ) 7 . 6 2 1 1 0 x 1 0 “ ® 2 . 1 2 6 2 - 1 . 8 6 8 8
(m 3 /kg  'mol e ) 2 . 6 5 9 4 0 x l 0 “ l ( S I )
P ( g / c m  3) 9 . 6 2 5 5 4 x l 0 “ l 0 . 0 0 2 0 1 6 1 . 0 0 5 5
( kg /m 3) 9 . 8 3 7 1 9 x 1 0 % ( S I )
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Table 4.3
G e n e r a l i z e d  S i n g  1e - C a r b o n - N u m b e r  Normal  B o i l i n g  P o ints 
a n d  S p e c i f i c  G r a v i t i e s ^ ^ h i t s o n ,  1983]
SCN
Normal  
B o i l i n g  P o i n t
( ° K ) < ° R )
S p e c i f i c
G r a v i t y
( 6 0 / 8 0 )
6
7
8 
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
337
366
390
416
439
461
482
501
520
539
557
573
586
598
612
624
637
648
659
671
681
691
701
709
719
728
737
607
658
7 02
748
791
829
867
901
936
971
1002
1032
1055
1077
1101
1124
1146
1167
1187
1207
1226
1244
1262
1277
1294
1310
1326
0 . 6 9 0  
0 . 7 2 7  
O. 749 
0 . 7 6 8  
0 .  782 
0 . 7 9 3  
0 .  804 
0 . 8 1 5  
0 . 8 2 6  
0 .  836  
0 .  843 
0 . 8 5 1  
0 .  856 
0 . 8 6 1  
0 . 866 
0 . 8 7 1  
0 .  876 
0 . 8 8 1  
0 .  885 
0.888 
0 .  892 
0 . 8 9 6  
0 . 8 9 9  
0 . 9 0 2  
0 . 9 0 5  
0 . 9 0 9  
0 . 9 1 2
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Table 4.3
(conf d)
G e n e r a l i z e d  S i n g  1e - C a r b o n - N u m b e r  Normal  B o i l i n g  P o i n t s
a n d  S p e c i f i c  G r a v i t i e s ^ W h i t s o n ,  19633
Normal  S p e c i f i c
B o i l i n g P o i n t G r a v i t y
SCN ( ' k ) ( ( 6 0 / 6 0 )
33 745 1341 0 . 9 1 5
34 753 1355 0 . 9 1 7
35 760 1368 0 . 9 2 0
36 768 1382 0 . 9 2 2
37 774 1394 0 .  925
38 782 1407 0 . 9 2 7
39 788 1419 0 . 9 2 9
40 796 1432 0 . 9 3 1
41 801 1442 0.  933
42 807 1453 0 . 9 3 4
43 813 1464 0 . 9 3 6
44 821 1477 0 . 9 3 8
45 826 1487 0 . 9 4 0
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CHAPTER V
P r e d i c t i o n  o f  F l u i d  P r o p e r t i e s  f o r  G a s - C o n d e n s a t e  M i x t u r e s
S o l u t i o n  o f  t h e  p r e s s u r e  g r a d i e n t  e q u a t i o n  r e q u i r e s  
t h a t  o n e  be  a b l e  t o  c a l c u l a t e  v a l u e s  o f  f l u i d  d e n s i t y ,  
v e l o c i t y ,  a n d  v i s c o s i t y .  A l s o  many o f  t h e  m e t h o d s  
p r e d i c t i n g  p r e s s u r e  l o s s e s  f o r  t w o - p h a s e  f l o w  i n  v e r t i c a l  
p i p e s  r e q u i r e  v a l u e s  o f  s u r f a c e  t e n s i o n  t o  c a l c u l a t e  
c o r r e l a t i n g  p a r a m e t e r s  u s e d  by t h e s e  p r e d i c t i v e  m e t h o d s .
Whenever  m e a s u r e d  l a b o r a t o r y  d a t a  a r e  a v a i l a b l e  on 
f l u i d  p r o p e r t i e s ,  t h e y  s h o u l d  a l w a y s  b e  u s e d  w i t h  t h e  
p r e d i c t i v e  m e t h o d .  Eve n  i f  t h e  a v a i l a b l e  d a t a  a r e  a t  
v a l u e s  o f  p r e s s u r e  a n d  t e m p e r a t u r e  n o t  e n c o u n t e r e d  i n  t h e  
w e l l s  o r  p i p e l i n e s  o f  i n t e r e s t ,  t h e  e x p e r i m e n t a l  d a t a  c a n  
s t i l l  b e  u s e d  t o  h e l p  i m p r o v e  t h e  p r e d i c t i o n  o f  t h e o r e t i c a l  
v a l u e s .  E m p i r i c a l  c o r r e l a t i o n s  a r e  a v a i l a b l e  f o r  
p r e d i c t i n g  e v e r y  f l u i d  p r o p e r t y  o f  i n t e r e s t  i n  m u l t i p h a s e  
f l o w  o p e r a t i o n s .  Ho we v e r ,  c a r e  mu s t  b e  t a k e n  t o  a s s u r e  
t h a t  t h e  c o r r e l a t i o n s  a r e  n o t  e x t e n d e d  b e y on d  t h e i r  r a n g e s  
o f  v a l i d i t y .  S i n c e  r e q u i r e d  d a t a  a r e  f r e q u e n t l y  n o t  
a v a i l a b l e  a t  p r e s s u r e s  a n d  t e m p e r a t u r e s  e n c o u n t e r e d  a t  
f l o w i n g  c o n d i t i o n s  ( e s p e c i a l l y  f o r  g a s - c o n d e n s a t e  w e l l s ) ,  
f l u i d  p r o p e r t i e s  a t  f l o w  c o n d i t i o n s  m u s t  be  p r e d i c t e d  w i t h  
e m p i r i c a l  c o r r e l a t i o n s .  The f o l l o w i n g  p a r a g r a p h s  s u m m a r i z e  
w h a t  t h i s  s t u d y  f o u n d  t o  be  t h e  b e s t  m e t h o d s  f o r  p r e d i c t i n g  
t h e  p h y s i c a l  p r o p e r t i e s  o f  a  g a s - o o n d e n s a t e  f l u i d .
G a s - c o n d e n s a t e  f l u i d s ,  l i k e  n a t u r a l  g a s e s ,  a r e  comp l e x  
m i x t u r e s  o f  h y d r o c a r b o n  compounds  w i t h  v a r i o u s  i m p u r i t i e s  
s u c h  a s  n i t r o g e n ,  o a r b o n  d i o x i d e  a n d  h y d r o g e n  s u l f i d e .  The 
l i t e r a t u r e  p r o v i d e s  s e v e r a l  h u n d r e d  e q u a t i o n s  o f  s t a t e  f o r  
t h e s e  f l u i d s .  S e l e c t i o n  o f  t h e  mo s t  a p p r o p r i a t e  d e p e n d s  
u p o n  t h e  t y p e  o f  g a s ,  t h e  c o m p o s i t i o n  o f  t h e  c o n d e n s a t e ,  
t h e  r e q u i r e d  p r e s s u r e  a n d  t e m p e r a t u r e  o f  i n t e r e s t ,  a n d  t h e  
d e g r e e  o f  s o p h i s t i c a t i o n  r e q u i r e d .  The  SRK a n d  PR 
e q u a t i o n s  o f  s t a t e  w e r e  d i s c u s s e d  p r e v i o u s l y  i n  C h a p t e r  4 .  
The d e n s i t y  o f  t h e  v a p o r  a n d  l i q u i d  p h a s e s  i n  t h e
- 83
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g a s - c o n d e n s a t e  f l u i d  c a n  be  p r e d i c t e d  u s i n g  e i t h e r  e q u a t i o n  
o f  s t a t e .
R e c a l l i n g  t h e  c u b i c  f o r m s  f o r  b o t h  e q u a t i o n s  o f  s t a t e  
( E q u a t i o n  4 . 3 . 1 6  a n d  E q u a t i o n  4 . 3 . 1 7 ) ,  t h e  s o l u t i o n  i s  one  
o f  t h r e e  r o o t s  d e p e n d i n g  u p o n  t h e  p h a s e  e n c o u n t e r e d  i n  t h e  
s y s t e m .  In m o d e l i n g  t h e  v a p o r  p h a s e ,  t h e  l a r g e s t  p o s i t i v e  
r o o t  i s  t h e  c o m p r e s s i b i l i t y  f a c t o r  f o r  t h e  v a p o r .  In  
m o d e l i n g  t h e  l i q u i d  p h a s e ,  t h e  s m a l l e s t  p o s i t i v e  r o o t  i s  
t h e  c o m p r e s s i b i l i t y  f a c t o r  f o r  t h e  l i q u i d .  By knowi ng  
t h e s e  r o o t s ,  t h e  d e n s i t y  f o r  t h e  v a p o r  a n d  l i q u i d  p h a s e s  
c a n  be  c a l c u l a t e d .
F i r s t  t h e  m o l a r  vo l ume  o f  t h e  v a p o r  a n d  l i q u i d  p h a s e s  
a r e  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
zRT
V  = — p  ( 5 . 1 )
w h e r e
V  = f l u i d  m o l a r  v o l u m e  ( 1 / g m o l e )
z = f l u i d  c o m p r e s s i b i l i t y  f a c t o r  ( d ' l e s s )
T = a b s o l u t e  t e m p e r a t u r e  ( ' k )
P = a b s o l u t e  p r e s s u r e  ( a t m )
f a t m • 1 i t e r
R = u n i v e r s a l  g a s  c o n s t a n t  --------------5 —
L g m o l e -  T<
T a k i n g  t h e  r e c i p r o c a l  o f  t h e  m o l a r  v o l u m e ,  t h e  m o l a r  
d e n s i t y  (P,g) i s  d e t e r m i n e d .  The  a v e r a g e  m o l e c u l a r  w e i g h t
o f  t h e  v a p o r  o r  l i q u i d  p h a s e  i s  t h e n  c a l c u l a t e d  by  t h e  
f o l l o w i n g  m i x i n g  r u l e :
" a  = i l i ’^ iM i ( 5 . 2 )
w h e r e
Mg^  = m o l e c u l a r  w e i g h t  o f  f l u i d  p h a s e  ( g / g m o l e )
X£ = mol e  f r a c t i o n  o f  c o m p o n e n t  i i n  f l u i d  p h a s e
Mj = m o l e c u l a r  w e i g h t  o f  c o m p o n e n t  i  i n  f l u i d  p h a s e
( g / g m o l e )
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Tig H number  o f  d i s c r e t e  c o m p o n e n t s
Knowing t h e  m o l e c u l a r  w e i g h t  o f  t h e  v a p o r  a n d  l i q u i d  
p h a s e s ,  t h e  d e n s i t i e s  f o r  t h e  v a p o r  a n d  l i q u i d  p h a s e s  a r e  
c a l c u l a t e d  b y  t h e  f o l l o w i n g  r e l a t i o n s h i p :
P = (5.3)
The a b o v e  d e n s i t y  h a s  u n i t s  o f  g / l i t e r .  T h i s  numbe r  i s
d i v i d e d  by  1 6 . 0 1 8 8 2  t o  c o n v e r t  t o  t h e  u n i t s  o f  I b m / f t ® .
The a b o v e  p r o c e d u r e  w o r k s  r e a s o n a b l y  w e l l  a t  
p r e d i c t i n g  d e n s i t i e s  f o r  t h e  v a p o r  p h a s e .  The SRK e q u a t i o n  
s ee ms  t o  g i v e  t h e  b e s t  r e s u l t s  f o r  v a p o r  d e n s i t y  w h i l e  t h e  
PR e q u a t i o n  o f  s t a t e  w o r k s  r e a s o n a b l y  w e l l  f o r  l i q u i d  
d e n s i t i e s .  Howe ve r ,  t h e  r e s u l t s  o f  t h i s  s t u d y  s u g g e s t e d  
t h a t  n e i t h e r  o f  t h e s e  two e q u a t i o n s  o f  s t a t e  y i e l d  
a p p r o p r i a t e  v a l u e s  f o r  t h e  l i q u i d  d e n s i t y  i n  a  
g a s “ C o n d e n s a t e  s y s t e m .  T h u s ,  a n o t h e r  p r o c e d u r e  i s  n e e d e d  
t o  p r e d i c t  t h e  l i q u i d  d e n s i t y .  One s u c h  p r o c e d u r e  was 
p r o p o s e d  by H a n k i s o n  a n d  Thomson [ 1 9 7 9 3 .  T h e i r  c o r r e l a t i o n  
i s  r e l a t i v e l y  e a s y  t o  u s e  a n d  i s  a p p l i c a b l e  t o  a  w i d e  
v a r i e t y  o f  l i q u i d s .  D u r i n g  a  s t u d y  o f  o t h e r  c o r r e l a t i o n s  
f o r  p r e d i c t i n g  s a t u r a t e d  v o l u m e s ,  t h e  f o l l o w i n g  model  was 
p r o p o s e d  :
Vg = V ^ 0 ) [ 1  “ ( 5 . 4 )
w h e r e
Vg B  s a t u r a t e d  m o l a r  v o l u m e  ( 1 / g m o l e )
VpO) = c o r r e s p o n d i n g  s t a t e s  f u n c t i o n  f o r  n o r m a l  
f l u i d s  d e f i n e d  a s
V&O) = 1 + a ( l “ T R ) l / 3  + b ( l “ T R ) 2 / 3  + c ( 1 - T r ) +
d ( l “ T R ) 4 / 3 ;  0 . 2 5 < T j j < 0 . 9 5  ( 5 . 5 )
VpS^ = c o r r e s p o n d i n g  s t a t e s  d e v i a t i o n  f u n c t i o n  
d e f i n e d  a s
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[ e  + f l R  + g l |  + h T | ]
Vr = (Tjj -  1 . 0 0 0 0 1 )  ( 5 . 6 )
V* = c h a r a c t e r i s t i c  v o l u m e  ( 1 / g m o l e )
u  = a c e n t r i c  f a c t o r  ( d ’ l e s s )
Tp = r e d u c e d  t e m p e r a t u r e  ( T / T ^ )
Tjj = c r i t i c a l  t e m p e r a t u r e  ( ^ )
P a r a m e t e r s  ( a ,  b,  c ,  e t c . )  f o r  e q u a t i o n s  ( 5 . 5 )  a n d  ( 5 . 8 )  
a r e  g i v e n  b e l o w  i n  T a b l e  5 . 1 .
T a b l e  5 . 1  
P a r a m e t e r  V a l u e
a  - 1 . 5 2 8 1 6 0 0
b 1 . 4 3 9 0 7 0 0
c - 0 . 8 1 4 4 6 0 0
d O . 1 9 04 5 4 0
e - 0 . 2 9 6 1 2 3 0
f  0 . 3 8 6 9 1 4 0
g - 0 . 0 4 2 7 2 5 8
h - 0 . 0 4 8 0 6 4 5
The a b o v e  e q u a t i o n s  a r e  f o r  p u r e  c o m p o n e n t s ;  h o w e v e r ,  t h e  
h y d r o c a r b o n  p l u s  f r a c t i o n s  i n  t h e  m i x t u r e  m u s t  a l s o  b e  
d e s c r i b e d .  P r o c e d u r e s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
h y d r o c a r b o n  p l u s  f r a c t i o n s ’ p h y s i c a l  p r o p e r t i e s  w e r e  
d i s c u s s e d  i n  C h a p t e r  4 .  Wi th  t h e s e  p h y s i c a l  p r o p e r t i e s ,
t h e  s a t u r a t e d  v o l u m e  ( Vg *) )  f o r  t h e  h y d r o c a r b o n  p l u s
f r a c t i o n s  i s  d e f i n e d  a s :
V^*)  = Mhc  + ^ ' ^ C +  ( 5 . 7 )
w h e r e
Mh c -i- = m o l e c u l a r  w e i g h t  o f  h y d r o c a r b o n  p l u s  f r a c t i o n  
( g / g m o l e )
%C+ ^  d e n s i t y  o f  h y d r o c a r b o n  p l u s  f r a c t i o n  ( g / l i t e r )
T h e r e f o r e ,  t h e  c h a r a c t e r i s t i c  v o l u m e  f o r  t h e  h y d r o c a r b o n  
p l u s  f r a c t i o n  i s  d e f i n e d  u s i n g  E q u a t i o n  5 . 7  f o r  d e t e r m i n i n g
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t h e  s a t u r a t e d  v o l u m e  f o r  p u r e  c o m p o n e n t s  a s  
V* = +
= [MHc+/ f b C + ] / V R ° ) [ l  -  ( 5 . 8 )
Wi t h  t h e  d e f i n i t i o n  o f  t h e  c h a r a c t e r i s t i c  v c l u m e  f c r  b o t h  
t h e  p u r e  c o m p o n e n t s  a n d  h y d r o c a r b o n  p l u s  f r a c t i o n s ,  t h e  
s a t u r a t e d  v o l u m e  f o r  t h e  l i q u i d  p h a s e  o r  m i x t u r e  may be  
a p p r o x i m a t e d .  F i r s t  m i x i n g  r u l e s  a r e  a p p l i e d  t o  d e t e r m i n e  
t h e  c h a r a c t e r i s t i c  v o l u m e ,  c r i t i c a l  t e m p e r a t u r e ,  a n d  
a c e n t r i c  f a c t o r  o f  t h e  m i x t u r e .  The m i x i n g  r u l e s  a r e  
l i s t e d  a s
y *  = 1 / 4m
" c  .  " c  , 2 / 3
n „  n
( 5 . 9 )
c c
l ^ l  ? c i j
Tcm = ---------     ( 5 . 1 0 )
“ m
" c
%  ( 5 . 1 1 )
V i j T c i j  = ( V i T c i V ^ T c j ) ! / :  ( 5 . 1 2 )
w h e r e
V* = c h a r a c t e r i s t i c  v o l u me  o f  t h e  m i x t u r e
( 1 / g - m o l e )
= c r i t i c a l  t e m p e r a t u r e  o f  t h e  m i x t u r e  ( *^)
= a c e n t r i c  f a c t o r  o f  t h e  m i x t u r e  ( d * l e s s )  
x^ = m o l e  f r a c t i o n  o f  c o m p o n e n t  i  i n  t h e  l i q u i d
p h a s e
A f t e r  c o m p u t i n g  t h e  s a t u r a t e d  v o l u m e  o f  t h e  l i q u i d  p h a s e  
u s i n g  E q u a t i o n  5 . 9 ,  t h e  m o l a r  d e n s i t y  i s  c o m p u t e d  
a n a l a g o u s l y  t o  t h e  a b o v e  p r o c e d u r e  b y  t a k i n g  t h e  r e c i p r o c a l
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o f  t h e  s a t u r a t e d  v o l u m e  ( m o l a r  v o l u m e )  v a l u e .  E q u a t i o n s  
5 . 2  a n d  5 . 3  a r e  t h e n  u s e d  t o  c a l c u l a t e  t h e  d e n s i t y  o f  t h e  
l i q u i d  p h a s e .
A n o t h e r  i m p o r t a n t  f l u i d  p r o p e r t y  u s e d  i n  t h e  
p r e d i c t i o n  o f  p r e s s u r e  l o s s e s  f o r  m u l t i p h a s e  f l o w  i n  p i p e s
i s  v i s c o s i t y .  The v i s c o s i t y  o f  t h e  v a p o r  p h a s e  i s  
o o m p u t e d  f r om t h e  c o r r e l a t i o n  by L e e ,  e t  a l .  [ 1 9 6 6 ] .  T h i s  
c o r r e l a t i o n  i s  m e r e l y  a  s e r i e s  o f  e q u a t i o n s  a s  f o l l o w s :
P K ' 1 0 - 4 e x p ( X f % )  ( 5 . 1 3 )
w h e r e
( 9 . 4  + 0 . 0 2 M ) T l ' 5  
K = ( 2 0 9  + 19M + T)
X = 3 . 5  + 9 8 6 / T  + O.OIM ( 5 . 1 5 )
y = 2 . 4  -  0 . 2 X  ( 5 . 1 6 )
.Ug = g a s  v i s c o s i t y  ( c p )
T = a b s o l u t e  t e m p e r a t u r e  ( % )
M = m o l e c u l a r  w e i g h t  ( g / g m o l e )
pg = g as  d e n s i t y  ( g / c c )
The L e e ,  e t  a l .  C1966]  c o r r e l a t i o n  i s  p r e f e r r e d  o v e r  t h e  
o t h e r  c o r r e l a t i o n s  du e  t o  i t s  s i m p l i s t i c  a p p r o a c h  f o r  
c a l c u l a t i n g  v i s c o s i t i e s .
The v i s c o s i t y  o f  t h e  l i q u i d  p h a s e  i s  c o m p u t e d  f r om t h e  
me t h o d  p r o p o s e d  by L o h r e n z  e t  a l .  [ 1 9 6 4 3 .  The 
c o m p u t a t i o n a l  p r o c e d u r e  s t a r t s  by c a l c u l a t i n g  t h e  
l o w - p r e s s u r e  p u r e - c o m p o n e n t  g a s  v i s c o s i t i e s  a t  t h e  
t e m p e r a t u r e  o f  i n t e r e s t .  T h i s  i m p l i e s  t h a t  t h e  c o m p o n e n t s  
i n  t h e  l i q u i d  p h a s e  b e h a v e  a s  i f  t h e y  w e r e  a  g a s .  The 
S t i e l  a n d  Thodos  [19613  c o r r e l a t i o n  i s  u s e d  f o r  c o m p u t i n g  
t h e s e  v i s c o s i t i e s  a s  f o l l o w s :
 ; T p i < 1 . 5  ( 5 . 1 7 )
0 . 0 0 0 1 7 7 8 ( 4 . 5 8 T r i - l . 6 7 ) 5 / 8
Pi = ----------------------------E ----------------------------- ; T r i > 1 . 5  ( 5 . 1 8 )
0 . 0 0 0 3 4 T 9 ; 9 4
r  1
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w h e r e
ji* = v i s c o s i t y  o f  c o m p o n e n t  i  a s  a  g a s  a t  low
p r e s s u r e  ( c p )
T p j  = r e d u c e d  t e m p e r a t u r e  o f  c o m p o n e n t  i ( T / T ^ j )
T = a b s o l u t e  t e m p e r a u t r e  (
= a b s o l u t e  c r i t i c a l  t e m p e r a t u r e  c f  c o m p o ne n t  i
< ' k )
= v i s c o s i t y  p a r a m e t e r  o f  c o m p o n e n t  i d e f i n e d  a s
M i ' 2 p | P
( 5 . 1 9 )
= m o l e c u l a r  w e i g h t  o f  c o m p o n e n t  1 ( g / g m o l e )
Pqj  = a b s o l u t e  c r i t i c a l  p r e s s u r e  o f  c o m p o n en t  i ( a t m )
N e x t ,  t h e  l o w - p r e s s u r e  g a s  v i s c o s i t y  f o r  t h e  l i q u i d  p h a s e  
a t  t h e  t e m p e r a t u r e  o f  i n t e r e s t  i s  c o m p u t e d ,  a s  p o s t u l a t e d  
by t h e  H e r n i n g  an d  Z i p p e r e r  [ 1 9 3 6 ]  e q u a t i o n  a s :
, Z, ( * i  - i^
= -----    ( 5 . 2 0 )
^ | ; ° ( X i v ^ )
w h e r e
ji* = v i s c o s i t y  o f  l i q u i d  a s  i f  i t  b e h a v e d  a s  a  g a s  a t  
l o w - p r e s s u r e  ( c p )  
x^ = mole  f r a c t i o n  o f  c o m p o n e n t  i i n  t h e  l i q u i d  p h a s e
The  d e n s i t y  o f  t h e  l i q u i d  p h a s e  h a s  b e e n  c om p u t e d  by u s i n g  
t h e  H a n k i n s o n  a n d  Thomson [ 1 9 7 9 ]  c o r r e l a t i o n .  Wi t h  t h i s  
v a l u e  o f  d e n s i t y ,  t h e  r e d u c e d  d e n s i t y  f o r  t h e  l i q u i d  p h a s e  
i s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  d e f i n i t i o n :
P j -  ~  fi> ( 5 . 2 1 )
w h e r e
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Pp = r e d u c e d  d e n s i t y  o f  l i q u i d  p h a s e
p = d e n s i t y  o f  l i q u i d  p h a s e  ( I b - m o l e / f t ® )  
pQ = p s e u d o o r i t i o a l  d e n s i t y  o f  l i q u i d  p h a s e
( I b - m o l e / f t ® )
The p s e u d o o r i t i o a l  d e n s i t y  i s  c a l c u l a t e d  a s  f o l l o w s :
P c  = ( 5 . 2 2 )
’'o
n o "HC+
( 5 . 2 3 )
^ | : ^ ( X i V o i )  + i 5 ^ ( x H C + V c H C + )
w h e r e
Vg = p s e u d o o r i t i o a l  v o l u m e  of  l i q u i d  p h a s e
( I b - m o l e / f t ® )
Vgj = c r i t i c a l  v o l u m e  o f  c o m p o n e n t  i  i n  l i q u i d
p h a s e  ( I b - m o l e / f t ^ )
"HC+ ^ number  o f  d i s c r e t e  h y d r o c a r b o n  p l u s  f r a c t i o n s
Xh c+ = mo l e  f r a c t i o n  o f  h y d r o c a r b o n  p l u s  f r a c t i o n
VcHc+ = c r i t i c a l  v o l u m e  o f  h y d r o c a r b o n  p l u s  f r a c t i o n
d e f i n e d  by t h e  e q u a t i o n  b e l o w  ( I b - m o l e / f t ^ )  
VcHC+ = 2 1 . 5 7 3  + 0.015122MHC+ -  2 7 . 6 5 6 G^q + + 
0 . 070615Mh c +Gh c + ( 5 . 2 4 )
Mhc+ = m o l e c u l a r  w e i g h t  o f  h y d r o c a r b o n  p l u s  f r a c t i o n  
( l b / 1 b - m o 1 e )
Gh c + = s p e c i f i c  g r a v i t y  o f  h y d r o c a r b o n  p l u s  f r a c t i o n  
( d ' l e s s )
W i t h  a l l  o f  t h e  a b o v e  i n f o r m a t i o n ,  t h e  v i s c o s i t y  o f  t h e  
l i q u i d  p h a s e  i s  a p p r o x i m a t e d  by  t h e  f o l l o w i n g  e q u a t i o n  a s
.n = ji** + £ ( 0 . 1 0 2 3  + 0 . 0 2 3 3 6 4  pj, + 0 . 0 5 8 5 3 3  -
0 . 4 0 7 5 8 p 3  -  0 . 0 0 9 3 3 2 4 p 4 ) *  -  0 . 0 0 0 1 1 / S  ( 5 . 2 5 )
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wh e r e
M  = v i s c o s i t y  o f  l i q u i d  p h a s e  ( c p )
C = v i s c o s i t y  p a r a m e t e r  o f  m i x t u r e  g i v e n  by
, 1 / 6
? =  - - 1 / 2 r ^  - 2 / 3  ( 5 . 2 6 )
The e q u a t i o n  f o r  d e t e r m i n i n g  t h e  v i s c o s i t y  o f  t h e  l i q u i d  
p h a s e  was  d e v e l o p e d  by  J o s s i ,  S t i e l  a nd  T h o d o s  [ 1 9 6 2 3 .
The  t h i r d  a n d  f i n a l  f l u i d  p r o p e r t y  n e e d e d  when 
p r e d i c t i n g  t h e  p r e s s u r e  l o s s e s  f o r  m u l t i p h a s e  f l o w  i n  p i p e s  
i s  t h e  s u r f a c e  t e n s i o n  b e t w e e n  t h e  l i q u i d  a n d  v a p o r  
p h a s e s .  The s u r f a c e  t e n s i o n  o f  g a s - c o n d e n s a t e  f l u i d s  i s  
c o r r e l a t e d  by Wei naug  a n d  K a t z  [19593  by u s e  o f  p a r a c h o r s  
f o r  t h e  p u r e  c o n s t i t u e n t s  a n d  t h e  e q u a t i o n  b e l o w :
XidL Xidy
( 5 . 2 7 )Ml  Mv
w h e r e
P j  = p a r a c h o r  f o r  a n y  c o n s t i t u e n t  i n  m i x t u r e  ( d ’ l e s s )
* i = mo l e  f r a c t i o n  o f  c o m p o n e n t  i i n  l i q u i d  p h a s e
d^  = d e n s i t y  o f  l i q u i d  p h a s e  ( g / c c )
Mj__ = m o l e c u l a r  w e i g h t  o f  l i q u i d  p h a s e  ( g / g m o l e )
y j  = mo l e  f r a c t i o n  o f  c o m p o n e n t  i i n  v a p o r  p h a s e
d y j  = d e n s i t y  o f  v a p o r  p h a s e  ( g / c c )
My = m o l e c u l a r  w e i g h t  o f  v a p o r  p h a s e  ( g / g m o l e )
o- = s u r f a c e  t e n s i o n  ( d y n e s / c m )
I t  s h o u l d  be  n o t e d  t h a t  t h e  d e n s i t i e s  a n d  m o l e c u l a r  
w e i g h t s  a r e  f o r  t h e  l i q u i d  a n d  v a p o r  p h a s e s ,  n o t  t h e i r  
i n d i v i d u a l  c o n s t i t u e n t s .  P a r a c h o r s  a r e  p r e d i c t e d  f ro m 
t h e  s t r u c t u r e  o f  t h e  m o l e c u l e s  o r  c a n  be  c o m p u t e d  f o r  p u r e  
s u b s t a n c e s  a n d  m i x t u r e s  f r o m  a  s u r f a c e  t e n s i o n  m e a s u r e m e n t  
t a k e n  u n d e r  a t m o s p h e r i c  c o n d i t i o n s .  The p a r a c h o r s  f o r
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p u r e  s u b s t a n c e s  a r e  g i v e n  b e l o w  i n  T a b l e  5 . 2 :
T a b l e  5 . 2
P a r a c h o r s  f o r  C o m p u t i n g  S u r f a c e  T e n s i o n
i n s t i t u e n t P a r a c h o r
Me t h a n e 7 7 . 0
E t h a n e 1 0 8 . 0
P r o p a n e 1 5 0 . 0
1 s o b u t a n e 1 8 1 . 5
n - B u t a n e 1 8 9 . 9
I s o p e n t a n e 2 2 5 . 0
n - P e n t a n e 2 3 1 . 5
n - H e x a n e 2 7 1 . 0
n - H e p t a n e 3 1 2 . 5
n - O c t a n e 3 5 1 . 5
E t h y l e n e 1 0 0 . 1
A c e t y l e n e 8 8 . 6
P r o p y 1e n e 1 3 9 . 9
H y d r og e n 3 4 . 0
N i t r o g e n 4 1 . 0
[ K a t z ,  e t  a l . ,  1 9 5 9 ] M e a g y r e m e n t s  w e r e  made on t h e  h e p t a n e  
a nd  h e a v i e r  f r a c t i o n s  o f  a  c r u d e  o i l  t o  o b t a i n  p a r a c h o r s .  
T h e s e  v a l u e s  w i t h  t h o s e  f o r  p u r e  s u b s t a n c e s ,  a r e  p l o t t e d  i n  
F i g u r e  5 . 1 .
In  a n y  m u l t i p h a s e  f l o w  s y s t e m ,  t h e  p r e s e n c e  o f  f r e e  
w a t e r  m u s t  be  a d d r e s s e d .  T h e r e f o r e ,  t h e  w a t e r  d e n s i t y ,  
v i s c o s i t y ,  an d  s u r f a c e  t e n s i o n  b e t w e e n  t h e  w a t e r  a n d  v a p o r  
m u s t  b e  c o m p u t e d .  The  w a t e r  d e n s i t y  i s  m e r e l y  c o m p u t e d  by 
u s i n g  t h e  c o r r e l a t i o n  d e v e l o p e d  by H a n k i n s o n  an d  Thomson 
[ 1 9 7 9 ] .  Wa t e r  v i s c o s i t y  i s  c o m p u t e d  u s i n g  t h e  f o l l o w i n g  
e q u a t i o n  d e r i v e d  f r om  d a t a  made a v a i l a b l e  by Van Wingen 
[ 1 9 5 0 ]
.Uy = e x p ( 1 . 0 0 3  -  1 . 4 7 9 x 1 0 " 2 t  + 1 . 9 8 2 x l O ' ^ T ^ )  ( 5 . 2 8 )
w h e r e
= w a t e r  v i s c o s i t y  ( c p )
T = t e m p e r a t u r e  ( *lF)
S u r f a c e  t e n s i o n  o f  w a t e r - g a s  s y s t e m s  h a s  b e e n  i n v e s t i g a t e d
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Figure 5.1 -  Parachors  f o r  Hydrocarbons (Katz,  e t  a l . ,  
1959)
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by  Hough a n d  R z a s a  [ 19513  i n  w h i c h  t h e i r  work  p r o d u c e d  two 
c u r v e s  f o r  t h e  p r e d i c t i o n  o f  t h e  s u r f a c e  t e n s i o n  o f
w a t e r - m e t h a n e  s y s t e m  a t  7 4  ^  a n d  2 8 0  A l t h o u g h  t h e s e
r e s u l t s  a r e  v a l i d ,  t h e i r  e x t e n s i o n  t o  p r e d i c t  a s
f u n c t i o n s  o f  o t h e r  p a r a m e t e r s  s u c h  a s  t h e  s a l i n i t y  o f  t h e  
w a t e r  a n d  g a s  c o m p o s i t i o n  i s  h i g h l y  q u e s t i o n a b l e .  
N e v e r t h e l e s s ,  o n e  c a n  l i n e a r l y  i n t e r p o l a t e  b e t w e e n  t h e
c u r v e s  o f  7 4  ° F  a n d  2 8 0  ^  a n d  o b t a i n  a c c e p t a b l e  e s t i m a t e s  
o f
C h a p t e r  7 w i l l  g i v e  a  mo r e  c o m p l e t e  e x p l a n a t i o n  o f  t h e  
i m p l e m e n t a t i o n  f o r  t h e  a b o v e  e q u a t i o n s  a n d  t h e  t h e o r e t i c a l  
u s e  o f  t h e  f l u i d  p r o p e r t i e s  f o r  t h e  v a p o r ,  c o n d e n s a t e ,  and  
w a t e r  p h a s e s .  T h u s ,  w i t h  t h e  f l u i d  p r o p e r t i e s  o f  d e n s i t y ,  
v i s c o s i t y ,  a n d  s u r f a c e  t e n s i o n ,  t h e  p r e d i c t i o n  o f  p r e s s u r e  
l o s s e s  f o r  g a s - c o n d e n s a t e  f l u i d s  i n  v e r t i c a l  p i p e s  c a n  be  
a c c o m p l i s h e d .
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CHAPTER VI 
M u l t i p h a s e  F l ow i n  V e r t i c a l  P i p e s
6 . 1  G e n e r a l  E q u a t i o n  f o r  P r e s s u r e  L o s s e s  In  V e r t i c a l  
P i p e s
B e f o r e  d e r i v i n g  e x p r e s s i o n s  f o r  p r e s s u r e  l o s s e s  i n  
t w o - p h a s e  f l o w ,  l e t ’ s c o n s i d e r  a n  e l e m e n t  o f  a  t u b e  ( F i g u r e  
6 . 1 ) .  I t  i s  u s e f u l  t o  c l a r i f y  t h e  c o n c e p t s  i n  s i n g l e - p h a s e  
f l o w  w h e r e  t h e  a l g e b r a  i s  s i m p l e .  D o i n g  a  f o r c e  b a l a n c e  
o v e r  t h e  v o l u m e  i n  t h e  z d i r e c t i o n  g i v e s
I a [p  -  [p +
( p r e s s u r e  f o r c e s )  ( w a l l  f o r c e s )
f  Pg s i n d Sz d A  = P Pu u ' r t d U K
'^A ''A
( w e i g h t )  (momentum c h a n g e  f o r c e s )
( 6 . 1 . 1 )
The momemtum f o r c e s  c a n  b e  r e w r i t t e n  a s
P Gu-ndA ( 6 . 1 . 2 )
Ja
From t h e  d i v e r g e n c e  t h e o r e m ,  t h e  momentum c h a n g e  f o r c e s  a r e  
f u r t h e r  r e d u c e d  t o
f  e( Gu )
-  dV
r r 9
j yU - (Gu ) d V  =
^^^ “ ^■•SzdA ( 6 . 1 . 3 )dz
T h e r e f o r e  t h e  f o r c e  b a l a n c e  o v e r  t h e  vo l u me  i s
Ia [p “ [P + -  Jg'^oSzdS - I^PgsineSzdA
= ' • SzdA ( 6 . 1 . 4 )
w h e r e  p i s  t h e  p r e s s u r e ,  t _  i s  t h e  w a l l  s h e a r  s t r e s s ,  an d  G
- 9 5 -
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Figure 6.1 - Finite Element of a Pipe
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 97 -
i s  t h e  mass  v e l o c i t y  w h i c h  i s  t h e  d e n s i t y  m u l t i p l i e d  by t h e  
f l u i d  v e l o c i t y  ( p u ) .  From t h e  c o n t i n u i t y  o f  m a s s ,  G d o e s  
n o t  v a r y  a l o n g  t h e  c h a n n e l .
Assumi ng  o n e - d i m e n s i o n a l  f l o w ,  e a c h  v a r i a b l e  i n  t h e  
a b o v e  e q u a t i o n s  c h a n g e s  o n l y  w i t h  2 , h e n c e
[p- [ï
dp
p + g Y ' ^ ] ] ^  -  TqS S2 -  p gs i n0 ( S2A> -
d(Gu)
SzA ( 6 . 1 . 5 )
D i v i d i n g  by SzA an d  c o n s i d e r i n g  t h e  l i m i t  a s  z t e n d s  t o  
z e r o  g i v e s
Ë:
du
+ p g s i n e  + G "gp ( 6 . 1. 6 )
A o n e - d i m e n s i o n a l  e n e r g y  b a l a n c e  o v e r  a  s m a l l  l e n g t h  dz  of  
t h e  t u b e  g i v e s
d ( p v )
p r e s s u r e
e n e r g y
= dq
h e a t
a d d e d
dU
i n t e r n a l
e n e r g y
dw
e x t e r n a  1 
work d o n e
d ( u 2 / 2 )
k i n e t i c
e n e r g y
w h e r e  v i s  t h e  f l u i d  s p e c i f i c  vo l u me  o r  1 / p .  
i n  i n t e r n a l  e n e r g y  may b e  w r i t t e n  a s
dU = dq + dF -  pdv
w h e r e  dF i s  t h e  i r r e v e r s i b l e  f r i c t i o n  l o s s ,  
two e q u a t i o n s  an d  s e t t i n g  dw t o  z e r o  g i v e s
o r
vdp  -K udu + g s i n 6 ( d z )  + dF = 0
dp dF du
d F  = ^ ’d F  + G ' g p  + P g s i n e
d ( g s i n 6 z)
p o t e n t i a l
e n e r g y
( 6 . 1 . 7 )
The c h a n g e
( 6 . 1 . 8 ) 
C o m b i n i n g  t h e
( 6 . 1 . 9 )
( 6 . 1 . 1 0 )
The f o r c e  and  e n e r g y  b a l a n c e s  o v e r  t h e  vo l u me  a r e  s i m i l a r  
w i t h  o n l y  one  t e r m  d i f f e r e n t .  S i n c e  b o t h  s h o u l d  p r e d i c t  
t h e  same p r e s s u r e  g r a d i e n t ,  t h e n
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dF
T ~  ~  P ' dz"  ( 6 . 1 . 1 1 )
The t h r e e  t e r m s  o n  t h e  r i g h t - s i d e  o f  t h e  p r e s s u r e  g r a d i e n t  
e q u a t i o n  ( E q u a t i o n  6 . 1 . 1 0 )  may b e  d e s i g n a t e d  a s  t h e  
f r i c t i o n a l ,  a c c e 1 e r a t i o n a 1 , a nd  g r a v i t a t i o n a l  c o m p o n e n t s .  
T h u s ,  t h e  t o t a l  p r e s s u r e  g r a d i e n t  f o r  t h e  t u b e  i s
1 ( 6 . 1 . 1 2 ) 
•'g
S i n c e  u = vG, t h e  a c c e l e r a t i o n  t e r m  may a l t e r n a t i v e l y  be  
w r i t t e n  a s
-  %
d p i  d (vG)
- 4  = G - S i ------
, 2  d ( l / p )
=   ( 6 . 1 .  13)
The f r i c t i o n a l  t e r m  i s  w r i t t e n  a s
: 2
g
*dp_1 _ fGj
z Jf " 2FD (G. 1.  14)
w h e r e  f i s  t h e  f r i c t i o n  f a c t o r  a n d  D i s  t h e  t u b e  d i a m e t e r .  
T h e r e f o r e  t h e  p r e s s u r e  g r a d i e n t  o f  a  p i p e  s e g m e n t  f o r  
s i n g l e - p h a s e  f l u i d  f l o w  i s
-  g
d p i  f G ^  ?  d ( l / p )
d T J t  = 2FD + ^  dz   + P g s i n ©  ( 6 . 1 . 1 5 )
E q u a t i o n  6 . 1 . 1 5  i s  t h e  g e n e r a l  f o r m u s e d  f o r  d e t e r m i n i n g  
p r e s s u r e  l o s s e s  a s s o c i a t e d  w i t h  v e r t i c a l  an d  h o r i z o n t a l  
p i p e s .
F o r  t w o - p h a s e  f l o w  i t  i s  c o n v e n i e n t  t o  c h o o s e  a  model  
c o n c e p t u a l l y  s i m i l a r  t o  E q u a t i o n  6 . 1 . 1 5 .  Add i n g  t e r m s  
w h i c h  s u i t a b l y  a l l o w  f o r  t h e  p r e s e n c e  o f  a n  a d d i t i o n a l  
p h a s e ,  t h i s  e q u a t i o n  may b e  r e p r e s e n t e d  a s
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fdp-j f t C f  9 *
-  B r J t  = 2 1 ^  + G - d i ------------
C €Pg + ( 1 - € )  ^ J g s i n e  ( 6 . 1 . 1 6 )
E q u a t i o n s  o f  t h i s  t y p e  h a v e  b e e n  u s e d  w i t h  a  r e a s o n a b l e  
a m o u n t  o f  s u c c e s s  i n  a n a l y z i n g  a  v a r i e t y  o f  t w o - p h a s e  f l o w  
p r o b l e m s .
The t w o - p h a s e  f l o w  e q u a t i o n  c a n  be  s o l v e d  t o  o b t a i n  
f l o w i n g  p r e s s u r e s  p r o v i d e d  t h a t :  ( a )  s u i t a b l e  d e f i n i t i o n s
o f  t h e  m i x t u r e  d e n s i t i e s  a n d  p,„j e x i s t ,  ( b )  t h e  s t a t e
of  t h e  f l u i d  a s  a  f u n c t i o n  o f  p r e s s u r e  a n d  t e m p e r a t u r e  c a n  
be  d e t e r m i n e d ,  ( c )  i n d e p e n d e n t  i n f o r m a t i o n  on t h e  v a r i a t i o n  
of  t e m p e r a t u r e  a n d  p r e s s u r e  w i t h  d e p t h  a r e  a v a i l a b l e ,  and  
( d ) a c c e p t a b l e  c o r r e l a t i o n s  f o r  h o l d u p  a n d  f r i c t i o n  l o s s  
f a c t o r s  C a n d  f ^  c a n  be  d e v e l o p e d .  The h o l d u p  i n  t h e  a b o v e
e q u a t i o n  i s  d e f i n e d  a s  t h e  g a s  f r a c t i o n  o f  t h e  t o t a l  
m i x t u r e ;  h o w e v e r ,  i n  p r a c t i c e  t h i s  t e r m  i s  d e f i n e d  a s  t h e  
l i q u i d  f r a c t i o n  o f  t h e  t o t a l  m i x t u r e  ( l i q u i d  h o l d u p ) .
6 . 2  M u l t i p h a s e  F l ow C o r r e l a t i o n s  f o r  V e r t i c a l  P i p e s
As m e n t i o n e d  b e f o r e  t h e r e  a r e  many c o r r e l a t i o n s  u s e d  
f o r  p r e d i c t i n g  p r e s s u r e  t r a v e r s e s  a s s o c i a t e d  w i t h  
m u l t i p h a s e  f l o w  i n  p i p e s .  The  c o r r e l a t i o n s  d i f f e r  
p r i m a r i l y  by t h e  p r o c e d u r e  u s e d  i n  e v a l u a t i n g  t h e  t h r e e  
c o m p o n e n t s  ( a c c e l e r a t i o n ,  f r i c t i o n ,  a n d  g r a v i t a t i o n )  
d e f i n i n g  t h e  t o t a l  p r e s s u r e  l o s s .  Thus  t h e  c o r r e l a t i o n s  
a r e  d i v i d e d  i n t o  t h r e e  b r o a d  c a t e g o r i e s  l a b e l e d  a s  " a " ,
" b " ,  a n d  ” c ” .
In c a t e g o r y  a ,  no  s l i p p a g e  i s  a s s u m e d  t o  e x i s t  b e t w e e n  
t h e  p h a s e s .  A l s o ,  f l o w  r e g i m e  i s  n o t  c o n s i d e r e d .  S i n c e  
t h e  g a s  an d  l i q u i d  a r e  t r a v e l i n g  a t  t h e  same v e l o c i t y ,  t h e  
m i x t u r e  d e n s i t y  i s  c a l c u l a t e d  b a s e d  on t h e  i n p u t  g a s - l i q u i d  
r a t i o  ( s e c t i o n  6 . 2 . 1  g i v e s  a  more  d e t a i l e d  d e s c r i p t i o n  o f  
p r i n c i p l e s  a n d  t e r m i n o l o g y  i n v o l v i n g  m u l t i p h a s e  f l o w ) .  
T h e r e f o r e ,  a c o r r e l a t i o n  n e e d  be  d e v e l o p e d  f o r  a  t w o - p h a s e
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f r l c t i o n  l o s s  f a c t o r  o n l y .
In  c a t e g o r y  b,  s l i p p a g e  I s  a s s u m e d .  T h i s  a s s u m e s  t h a t  
t h e  g a s  a n d  l i q u i d  t r a v e l  a t  d i f f e r e n t  v e l o c i t i e s ;  t h u s ,  a  
m e t h o d  m u s t  be  p r o v i d e d  f o r  p r e d i c t i n g  t h e  p o r t i o n  o f  t h e  
p i p e  o c c u p i e d  by t h e  l i q u i d  a t  a n y  l o c a t i o n .  T h e r e f o r e ,  
two c o r r e l a t i o n s  mus t  be  d e v e l o p e d ,  o n e  f o r  t h e  l i q u i d  
h o l d u p  a n d  one  f o r  t h e  t w o - p h a s e  f r i c t i o n  l o s s  f a c t o r .
F i n a l l y ,  c a t e g o r y  c  g i v e s  i m p e t u s  t o  f l o w  r e g i m e s .
F l ow r e g i m e s  a r e  t h e  f l o w  p a t t e r n s  e n c o u n t e r e d  i n  t w o - p h a s e  
f l o w  i n  v e r t i c a l  t u b i n g .  I n v e s t i g a t o r s  d e f i n e  f o u r  r e g i m e s  
w h i c h  may o c c u r r  i n  a  v e r t i c a l  p i p e  ( b u b b l e ,  s l u g ,  
t r a n s i t i o n ,  a n d  m i s t ) .  F i g u r e  6 . 2  shows  t h e  t y p i c a l  f l o w  
r e g i m e s  a s s o c i a t e d  w i t h  v e r t i c a l  t u b i n g .
B u b b l e  f l o w  i s  a r e g i m e  i n  w h i c h  t h e  p i p e  i s  
c o m p l e t e l y  f i l l e d  w i t h  l i q u i d  a n d  t h e  f r e e  g a s  p h a s e  i s  
p r e s e n t  i n  s m a l l  b u b b l e s .  S l i p p a g e  m u s t  be  c o n s i d e r e d  
s i n c e  t h e  b u b b l e s  move a t  d i f f e r e n t  v e l o c i t i e s .  However ,  
t h e  d e n s i t y  e f f e c t  i s  n e g l i g i b l e  b e c a u s e  o f  t h e  s m a l l  
f r a c t i o n  o f  g a s  b u b b l e s .
In  s l u g  f l o w ,  t h e  g a s  p h a s e  i s  more  p r o n o u n c e d .  
A l t h o u g h  t h e  l i q u i d  p h a s e  i s  s t i l l  c o n t i n o u s ,  t h e  ga s  
b u b b l e s  c o a l e s c e  a n d  f o r m p l u g s  w h i c h  a l m o s t  f i l l  t h e  
p i p e ' s  c r o s s  s e c t i o n a l  a r e a .  S l i p p a g e  i s  o n c e  a g a i n  
c o n s i d e r e d  b e c a u s e  t h e  v e l o c i t y  o f  t h e  g a s  b u b b l e  i s  
g r e a t e r  t h a n  t h a t  o f  t h e  l i q u i d .  The l i q u i d  i n  t h e  f i l m  
a r o u n d  t h e  b u b b l e  may move downward  a t  low v e l o c i t i e s ,  
g i v i n g  r i s e  t o  t h e  f a c t  t h a t  l i q u i d  h o l d u p  c o r r e l a t i o n s  
s h o u l d  b e  c a r e f u l l y  d e v e l o p e d .  T h e r e f o r e ,  b o t h  t h e  g a s  and 
l i q u i d  p h a s e s  h a v e  s i g n i f i c a n t  e f f e c t s  on t h e  p r e s s u r e  
g r a d i e n t .
T r a n s i t i o n  f l o w  i s  t h e  s l o w  c h a n g e  f rom a  c o n t i n o u s  
l i q u i d  p h a s e  t o  a  c o n t i o u s  g a s  p h a s e .  The g a s  b u b b l e s  may 
j o i n  a n d  l i q u i d  may e n t r a i n e d  i n  t h e  b u b b l e s .  A l t h o u g h  
t h e  l i q u i d  e f f e c t s  a r e  s i g n i f i c a n t ,  t h e  ga s  p h a s e  e f f e c t s  
a r e  p r e d o m i n a n t .  Thus  t h e  s l i p p a g e  b e t w e e n  p h a s e s  a r e  
m i n o r  i n  t h i s  r e g i m e .
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The f i n a l  f l o w  r e g i m e  c o n s i d e r e d  i n  v e r t i c a l  t u b i n g  i s  
m i s t  f l o w .  In  t h i s  r e g i m e  t h e  g a s  p h a s e  i s  c o n t i n o u s  a nd  
t h e  b u l k  o f  t h e  l i q u i d  i s  e n t r a i n e d  a s  d r o p l e t s  i n  t h e  g a s  
p h a s e .  T h i s  s u g g e s t s  t h a t  s l i p p a g e  b e t w e e n  t h e  p h a s e s  i s  
n e g l i g i b l e ,  e v e n  i f  a n y  d o e s  e x i s t .  Even  t h o u g h  t h e  p i p e  
w a l l  i s  c o a t e d  w i t h  l i q u i d ,  t h e  g a s  p h a s e  p r e d o m i n a n t l y  
c o n t r o l s  t h e  p r e s s u r e  g r a d i e n t .
I n  c a t e g o r y  c ,  n o t  o n l y  a r e  c o r r e l a t i o n s  r e q u i r e d  t o  
p r e d i c t  l i q u i d  h o l d u p  a n d  f r i c t i o n  f a c t o r ,  b u t  t h e y  a r e  
a l s o  r e q u i r e d  t o  p r e d i c t  f l o w  r e g i m e s  i n  t h e  t u b i n g .  Once 
t h e  c o r r e c t  f l o w  r e g i m e  i s  e s t a b l i s h e d ,  t h e  a p p r o p r i a t e  
h o l d u p  a n d  f r i c t i o n  l o s s  f a c t o r  c o r r e l a t i o n s  a r e  
d e t e r m i n e d .
T a b l e  6 . 1  shows  a  l i s t i n g  o f  t h e  m u l t i p h a s e  
c o r r e l a t i o n s  u s e d  i n  p r e d i c t i n g  p r e s s u r e  l o s s e s  f o r  
v e r t i c a l  t u b i n g  a l o n g  w i t h  t h e i r  c a t e g o r y  t y p e .  T h i s  t a b l e  
was d o c u m e n t e d  by Be g g s  a n d  B r i l l  [ 1 9 7 8 ] .
T a b l e  6 . 1
M u l t i p h a s e  F l ow C o r r e l a t i o n s  f o r  V e r t i c a l  P i p e s
[ B e g gs  a n d  B r i l l ,  1 9 7 8 ]
V e r t i c a l  F l ow C o r r e l a t i o n  C a t e g o r y
P o e t t m a n n  a n d  C a r p e n t e r  a
B a x e n d e l l  a n d  Thomas  a
F a n c h e r  a n d  Brown a
H a g e d o r n  a n d  Brown b
Duns a n d  Ros  c
O r k i s z e w s k i  c
Beggs  a n d  B r i l l  c
The f o l l o w i n g  s e c t i o n s  w i l l  d i s c u s s  t h r e e  o f  t h e  m u l t i p h a s e  
c o r r e l a t i o n s  l i s t e d  a b o v e .  T h e s e  c o r r e l a t i o n s  a r e ;  (1 )  
H a g e d o r n  a n d  Brown,  ( 2 )  Duns  a n d  Ros ,  a n d  ( 3 )  O r k i s z e w s k i .  
The  p r i m a r y  r e a s o n  t h e s e  c o r r e l a t i o n s  a r e  b e i n g  d i s c u s s e d
i n  more  d e t a i l  i s  t h a t  t h e y  a r e  t h e  m o s t  w i d e l y  u s e d  i n  t h e
p e t r o l e u m  i n d u s t r y .  C a t e g o r y  a  c o r r e l a t i o n s  by v i r t u e  o f
t h e i r  s i m p l i s t i c  a p p r o a c h ,  a r e  n o t  v e r y  a c c u r a t e  a n d  
t h e r e f o r e  a r e  n o t  o f  i n t e r e s t .
6 . 2 . 1  P r i n c i p l e s  a n d  D e f i n i t i o n s  o f  M u l t i p h a s e  F l ow
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B e f o r e  d i s c u s s i n g  t h e  t w o - p h a s e  f l o w  c o r r e l a t i o n s ,  
some p r i n c i p l e s  a n d  t e r m i n o l o g y  c o n c e r n i n g  m u l t i p h a s e  f l o w  
s h o u l d  b e  u n d e r s t o o d .  One s u c h  t e r m  i s  l i q u i d  h o l d u p .  
L i q u i d  h o l d u p  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  v o l u m e  o f  a  
p i p e  s e g m e n t  o c c u p i e d  by l i q u i d  t o  t h e  t o t a l  v o l u me  o f  t h e  
p i p e  s e g m e n t .  Thus  l i q u i d  h o l d u p  r a n g e s  f ro m  z e r o  f o r  a l l  
g a s  t o  o n e  f o r  a l l  l i q u i d .  The r e m a i n d e r  o f  t h e  v o l u me  i n  
t h e  p i p e  s e g m e n t  i s  o f  c o u r s e  o c c u p i e d  by  g a s ,  w h i c h  i s  
r e f e r r e d  t o  a s  g a s  h o l d u p  o r  g a s  v o i d  f r a c t i o n .  T h i s  i s  
r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n  a s
Hg = 1  -  H l  ( 6 . 2 . 1 )
w h e r e
Hg = g a s  h o l d u p
= l i q u i d  h o l d u p
A n o t h e r  t e r m  o f  i n t e r e s t  i n  m u l t i p h a s e  f l o w  
c o r r e l a t i o n s  i s  t h e  t e r m  known a s  n o - s l i p  l i q u i d  h o l d u p  
(%^) .  N o - s l i p  h o l d u p  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  vo l ume
o f  l i q u i d  i n  a  p i p e  s e g m e n t  d i v i d e d  by t h e  v o l u m e  o f  t h e  
p i p e  s e g m e n t  w h i c h  wo u l d  e x i s t  i f  t h e  g a s  a n d  l i q u i d  
t r a v e l l e d  a t  t h e  same v e l o c i t y  ( n o - s l i p p a g e ) .  I t  c a n  be  
c a l c u l a t e d  d i r e c t l y  f r om t h e  known g a s  a n d  l i q u i d  f l o w  
r a t e s  f r o m t h e  f o l l o w i n g  e q u a t i o n :
( 6 . 2 . 2 )
^  9L + 9g
w h e r e  q^  a n d  qg a r e  t h e  i n - s i t u  l i q u i d  a n d  g a s  f l o w  r a t e s ,
r e s p e c t i v e l y .  J u s t  a s  b e f o r e ,  t h e  r e m a i n i n g  f l u i d  i n s i d e  
t h e  p i p e  s e g m e n t  w i l l  b e  g a s .  T h e r e f o r e ,  t h e  n o - s l i p  g a s  
h o l d u p  ( ).g ) i s  r e p r e s e n t e d  by
9lg — 1 — ( 6 .  2 .  3 )
The f r a c t i o n a l  o i l  a n d  w a t e r  c u t s  a r e  i m p o r t a n t  when
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e v a l u a t i n g  t h e  f l u i d  p r o p e r t i e s  o f  l i q u i d s  c omposed  of  f r e e  
w a t e r  a n d  o i l  ( c o n d e n s a t e ) .  H a v i n g  a l r e a d y  d i s c u s s s e d  t h e  
d e r i v a t i o n  o f  t h e  f l u i d  p r o p e r t i e s  d e n s i t y ,  v i s c o s i t y ,  and  
s u r f a c e  t e n s i o n ,  t h e  f o l l o w i n g  e q u a t i o n s  f o r  d e n s i t y ,  
v i s c o s i t y ,  an d  s u r f a c e  t e n s i o n  c o n t a i n i n g  b o t h  l i q u i d s  a r e  
shown a s
D e n s i t y :
%  = ^ 0^0  + Pw^w ( 6 . 2 . 4 )
V i s c o s i t y :
^  = >0^0 + ^ f w  ( 6 . 2 . 5 )
S u r f a c e  T e n s i o n :
= Ob^o + °w^w ( 6 . 2 . 6 )
V o l u m e t r i c  R a t e :
9L = 90^0  + 9wfw ( 6 . 2 . 7 )
w h e r e
Pq = d e n s i t y  o f  o i l  p h a s e
Py = d e n s i t y  o f  w a t e r  p h a s e
Pq = v i s c o s i t y  o f  o i l  p h a s e
JY, = v i s c o s i t y  o f  w a t e r  p h a s e
o-Q 5 s u r f a c e  t e n s i o n  o f  o i l  p h a s e
<Y, = s u r f a c e  t e n s i o n  o f  w a t e r  p h a s e
f g  = f r a c t i o n a l  o i l  c u t ,  d e f i n e d  a s
q o
9o + 9w
( 6 . 2 . 8 )
= 1 -  f *  ( 6 . 2 . 9 )
f y  =  f r a c t i o n a l  w a t e r  c u t ,  d e f i n e d  a s
9w ( 6 . 2 . 10)
= 1 -  f g  ( 6 . 2 . 1 1 )
q^ = v o l u m e t r i c  o i l  f l o w  r a t e  a t  i n - s i t u  c o n d i t i o n s  
qy = v o l u m e t r i c  w a t e r  f l o w  r a t e  a t  i n - s i t u  c o n d i t i o n s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-105-
T h u s ,  t h e  c a l c u l a t i o n  o f  t w o - p h a s e  f l u i d  p r o p e r t i e s  c a n  be  
c o m p u t e d  kno w i n g  t h e  d e f i n i t i o n s  o f  l i q u i d  h o l d u p ,  n o - s l i p  
h o l d u p ,  a n d  t h e  a b o v e  l i q u i d  f l u i d  p r o p e r t i e s .
E q u a t i o n s  f o r  t w o - p h a s e  f l u i d  p r o p e r t i e s  s u c h  a s  
d e n s i t y  a n d  v i s c o s i t y  a r e  d e f i n e d  w i t h  t h e  f o l l o w i n g  
e q u a t i o n s  ;
D e n s i t y :  .
Pg = + PgHg ( 6 . 2 . 1 2 )
+ P-X.  ( 6 . 2 . 1 3 )
-  Hl  Hg
V i s c o s i t y :
( 6 . 2 . 1 4 )
jig = ( j^.'^L) ( Pg^g ) ( 6 . 2 . 1 5 )
Pn = Pl 'H. + P g ^  ( 6 . 2 . 1 6 )
w h e r e
pg = g a s  d e n s i t y  
Pg = s l i p  d e n s i t y
= n o - s l i p  d e n s i t y  
Pj  ^ = D u k l e r  C1969]  t w o - p h a s e  d e n s i t y  
jig = g a s  v i s c o s i t y  
jig =  s l i p  v i s c o s i t y  
j<^  = n o - s l i p  v i s c o s i t y
S i n c e  s u r f a c e  t e n s i o n  i s  a  m e a s u r e  o f  t h e  i n t e r f a c i a l  
s u r f a c e  f o r c e s  b e t w e e n  a  v a p o r  a n d  l i q u i d .  E q u a t i o n  6 . 2 . 6  
i s  a  r e p r e s e n t a t i v e  e q u a t i o n  f o r  t h e  t w o - p h a s e  s u r f a c e  
t e n s i o n .
Many o f  t h e  m u l t i p h a s e  c o r r e l a t i o n s  a r e  b a s e d  on a 
p a r a m e t e r  known a s  s u p e r f i c i a l  v e l o c i t y .  The s u p e r f i c i a l  
v e l o c i t y  o f  a  f l u i d  p h a s e  i s  d e f i n e d  a s  t h e  v e l o c i t y  w h i c h  
t h a t  p h a s e  w o u l d  e x h i b i t  i f  i t  f l o w e d  t h r o u g h  t h e  t o t a l  
c r o s s  s e c t i o n  o f  t h e  p i p e  a l o n e .  The s u p e r f i c i a l  g a s  a n d  
l i q u i d  v e l o c i t i e s  a r e  c a l c u l a t e d  f r o m t h e  f o l l o w i n g
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e q u a t i o n s  : 
Gas :
‘ïgVgg = - ( 6 . 2 . 1 7 )
L i q u i d  :
VgL = "Â  ( 6 . 2 . 1 8 )
w h e r e
Vgg = s u p e r f i c i a l  g a s  v e l o c i t y
VgL = s u p e r f i c i a l  l i q u i d  v e l o c i t y
A = c r o s s  s e c t i o n  a r e a  o f  p i p e
The a c t u a l  v e l o c i t i e s  f o r  e a c h  p h a s e  f l o w i n g  t h r o u g h  t h e  
p i p e  i s  c o m p u t e d  f ro m t h e  same r e l a t i o n s ;  h o w e v e r ,  e a c h  
e q u a t i o n  i s  d i v i d e d  by i t s  h o l d u p .  T h e s e  e q u a t i o n s  a r e  
e x p r e s s e d  a s
Gas :
9g
' 'g = "ÂFÇ ( 6 . 2 . 1 9 )
L i q u i d :
9L
''L " AHj^  (6 .2 .20)
w h e r e
Vg = a c t u a l  g a s  v e l o c i t y  
Vj  ^ = a c t u a l  l i q u i d  v e l o c i t y
The m i x t u r e  o r  t w o - p h a s e  v e l o c i t y  ( v ^ )  i s  t h e  sum o f  t h e
s u p e r f i c i a l  g a s  a n d  l i q u i d  v e l o c i t i e s ,  w h i c h  i s  e x p r e s s e d  
w i t h  t h e  f o l l o w i n g  r e l a t i o n :
' 'm = ' ' s g  + VgL ( 6 . 2 . 2 1 )
I f  i t  h a p p e n s  t h a t  t h e  g a s  a n d  l i q u i d  v e l o c i t i e s  a r e  
u n e q u a l ,  t h e n  s l i p p a g e  i s  o c c u r r i n g .  The  s l i p  v e l o c i t y  
(Vg) i s  t h e r e f o r e  e x p r e s s e d  a s
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^ s g  '^sL
Vs = Vg -  VL = “ H^---------- - H [ ----  ( 6 . 2 . 2 2 )
R e m e mb e r i ng  t h e  n o - s l i p  l i q u i d  h o l d u p  e x p r e s s i o n  ( E q u a t i o n  
6 . 2 . 2 ) ,  a n  a l t e r n a t e  e q u a t i o n  f o r  n o - s l i p  h o l d u p  c a n  be  
e x p r e s s e d  by d i v i d i n g  t h e  v o l u m e t r i c  r a t e s  by t h e  c r o s s  
s e c t i o n  a r e a  o f  t h e  p i p e .  T h i s  e x p r e s s i o n  i s  shown b e l o w :
A A
( 6 . 2 . 2 3 )VsL Vgg Vg
The p a r a m e t e r  w h i c h  h a s  r e c e i v e d  t h e  m o s t  a t t e n t i o n  i s  
t h e  c o m p u t a t i o n  o f  t w o - p h a s e  f r i c t i o n  f a c t o r s .  Re me mbe r i ng  
o u r  e q u a t i o n  f o r  p r e s s u r e  l o s s  du e  t o  f r i c t i o n ,  t h e  
f r i c t i o n  f a c t o r  f o r  l a m i n a r  f l o w  c a n  be  d e t e r m i n e d  
a n a l y t i c a l l y  by c o m b i n i n g  E q u a t i o n  6 . 1 . 1 4  w i t h  t h e  
H a g e n - P o i s e u l  11e e q u a t i o n  f o r  l a m i n a r  f l o w .
[ a r ] f  = ( 6 . 2 . 2 4 )
E q u a t i n g  t h e  e x p r e s s i o n s  f o r  f r i c t i o n a l  p r e s s u r e  g r a d i e n t  
g i v e s
3 2 jju fG^  f f u ^
D2 “ 2PD ■ 2D
o r
64>i 64
^ = puD = Nj^e ( 6 . 2 . 2 5 )
w h e r e
NRe = R e y n o l d s  number
The  R e y n o l d s  numbe r  i s  a  d i m e n s  i o n  1 e s s  g r o u p i n g  o f  
v a r i a b l e s  t h a t  g i v e  a n  i n d i c a t i o n  o f  t h e  o n s e t  o f  
t u r b u l e n c e  i n  t h e  f l o w  o f  f l u i d s  t h r o u g h  p i p e s .  F o r
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e n g l n e e r i n g  p u r p o s e s ,  f l u i d  f l o w  i n  p i p e s  u s u a l l y  i s  
c o n s i d e r e d  t o  be  l a m i n a r  i f  t h e  R e y n o l d s  numbe r  i s  l e s s
t h a n  2 , 1 0 0  a n d  t u r b u l e n t  i f  t h e  R e y n o l d s  numbe r  i s  g r e a t e r
t h a n  2 , 1 0 0 .  Howe ve r ,  f o r  R e y n o l d s  n u m b e r s  b e t w e e n  t h e  
a p p r o x i m a t e  v a l u e s  o f  2 , 0 0 0  a nd  4 , 0 0 0 ,  f l u i d  f l o w  i s
a c t u a l l y  i n  a  t r a n s i t i o n  r e g i o n  b e t w e e n  l a m i n a r  f l o w  and
f u l l y  d e v e l o p e d  t u r b u l e n t  f l o w .  E q u a t i o n  6 . 2 . 2 5  may be 
u s e d  t o  c o m p u t e  t h e  f r i c t i o n  f a c t o r  f o r  a l l  t y p e s  a nd  
g r a d e s  o f  p i p e s  when f l u i d  f l o w  i s  l a m i n a r .  Howe ve r ,  when 
t u r b u l e n c e  e f f e c t s  b e g i n  t o  o c c u r r ,  t h e  f r i c t i o n  f a c t o r  
m u s t  be  e v a l u a t e d  b y  o t h e r  m e a n s .  F o r  s m o o t h  w a l l  p i p e s ,  
s e v e r a l  e q u a t i o n s  h a v e  b e e n  d e v e l o p e d ,  e a c h  v a l i d  o v e r  
d i f f e r e n t  r a n g e s  o f  R e y n o l d s  n u m b e r s .  The e q u a t i o n  w h i c h  
i s  m o s t  commonly u s e d  s i n c e  i t  i s  e x p l i c i t  i n  f a n d  a l s o
c o v e r s  a  r a n g e  o f  R e y n o l d s  n u mb e r s  b e t w e e n  3 , 0 0 0  a n d  3x10® 
was p r e s e n t e d  by Drew,  Koo a n d  McAdams [ 1 9 3 0 ]  a s
f  = 0 . 0 0 5 6  + 0 . 5 N R e " 3 2  ( 6 . 2 . 2 6 )
The i n s i d e  w a l l  o f  p i p e s  i s  o f t e n  n o t  s m o o t h .  In  t u r b u l e n t  
f l o w ,  t h e  r o u g h n e s s  c a n  h a v e  a  d e f i n i t e  e f f e c t  on t h e  
f r i c t i o n  f a c t o r ,  a n d  t h u s  t h e  p r e s s u r e  g r a d i e n t .  An 
e q u a t i o n  t h a t  i s  u s e d  f o r  p r o d u c i n g  commonly u s e d  f r i c t i o n  
f a c t o r  c h a r t s  was p r o p o s e d  by C o l e b r o o k  a n d  W h i t e  [ 1 9 3 8 ]  a s
f c
1 . 7 4  -  21og
_ €  1 8 . 7
^ " " R e ^
( 6 . 2 . 2 7 )
A t r i a l  a n d  e r r o r  p r o c e d u r e  i s  u s e d  f o r  c o m p u t i n g  f ^ .
V a l u e s  o f  f g  a r e  g u e s s e d  a n d  t h e n  f ^  i s  c a l c u l a t e d  u n t i l  f g
a n d  f g a g r e e  t o  a n  a c c e p t a b l e  t o l e r a n c e  s i n c e  f ^  a n d  f g  a r e
i n  f a c t  t h e  same v a r i a b l e .  I t  h a s  b e e n  f o u n d  t h a t  
c o n v e r g e n c e  o f  E q u a t i o n  6 . 2 . 2 7  i s  r a p i d ,  n o r m a l l y  t a k i n g  
o n l y  2 o r  3 i t e r a t i o n s .  I f  r a n g e s  o f  R e y n o l d s  n u m b e r s  o r  
r e l a t i v e  r o u g h n e s s  v a l u e s  a r e  n e e d e d  w h e r e  c o n v e r g e n c e  i s  
s l o w ,  u s e  o f  t h e  N e w t o n - R h a p s o n  m e th o d  i s  r e c o m me n d e d .  The
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a b s o l u t e  r o u g h n e s s  ( e> v a l u e  i n  E q u a t i o n  6 . 2 . 2 7  i s  n o r m a l l y  
t a k e n  a s  O . O O O S ^ G u l l e n d e r  an d  S m i t h ,  1 9 5 6 ]  u n l e s s  o t h e r w i s e  
s p e c i f i e d  by t h e  p i p e  m a n u f a c t u r e r .  F i g u r e  6 . 3  s hows  t h e  
Moody d i a g r a m ,  a  mode rn  f r i c t i o n  f a c t o r  c h a r t  p r o d u c e d  by 
u s i n g  E q u a t i o n  6 . 2 . 2 7 .
A l l  o f  t h e  a b o v e  e q u a t i o n s  a r e  f o r  s i n g l e - p h a s e  f l o w  
o f  f l u i d s  t h r o u g h  v e r t i c a l  p i p e s .  Howe ve r ,  when t w o - p h a s e  
f l o w  i s  i n v o l v e d ,  t h e  f r i c t i o n  f a c t o r  i s  n o t  a n a l y t i c a l l y  
p r e d i c t a b l e .  T h e r e f o r e ,  t h e  f r i c t i o n  f a c t o r  mu s t  be  
d e t e r m i n e d  by e x p e r i m e n t a l  means  o r  by a n a l o g i e s  t o  
s i n g l e - p h a s e  f l o w .  Some common d e f i n i t i o n s  o f  
a p p r o x i m a t i n g  t h e  t w o - p h a s e  f r i c t i o n a l  l o s s  a s s o c i a t e d  w i t h  
m u l t i p h a s e  f l o w  a r e
m ,
2D
^g^sg
2D
t p  ^f' 'm 
2D
( 6 . 2 . 2 8 )
( 6 . 2 . 2 9 )
( 6 . 2 . 3 0 )
The t w o - p h a s e  f r i c t i o n  f a c t o r  i s  d e p e n d e n t  t o  a  l a r g e  
e x t e n t  on t h e  f l o w  p a t t e r n .  F o r  e x a m p l e ,  i n  m i s t  f l o w .  
E q u a t i o n  6 . 2 . 2 9  i s  b a s e d  on s i n g l e - p h a s e  g a s  f l o w ;  w h e r e a s  
f o r  t h e  b u b b l e  f l o w  r e g i m e ,  E q u a t i o n  6 . 2 . 2 8  i s  b a s e d  on 
s i n g l e - p h a s e  l i q u i d  f l o w .  The d e f i n i t i o n  f o r  p f  a n d  f ^ p
c a n  d i f f e r  w i d e l y  d e p e n d i n g  on t h e  c o r r e l a t i o n  i n  q u e s t i o n .
T h i s  c o n c l u d e s  a  d e s c r i p t i o n  o f  some d e f i n i t i o n s  
commonly u s e d  i n  t h e  a r e a  o f  m u l t i p h a s e  f l o w  c o r r e l a t i o n s .  
The  f o l l o w i n g  s e c t i o n s  w i l l  d i s c u s s  t h e  e q u a t i o n s  u s e d  i n  
d e t e r m i n i n g  t h e  f r i c t i o n a l ,  a c c e l e r a t i o n a l , an d  
g r a v i t a t i o n a l  l o s s e s  a s s o c i a t e d  w i t h  m u l t i p h a s e  f l o w  i n  
v e r t i c a l  p i p e s .
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6 . 2 . 2  H a g e d o r n  a n d  Brown M u l t i p h a s e  F l ow C o r r e l a t i o n
C o r r e l a t i o n s  t h a t  c o n s i d e r  t h e  s l i p  v e l o c i t y ,  b u t  
n e g l e c t  t h e  e f f e c t  o f  d i f f e r e n t  f l o w  p a t t e r n s  o r  r e g i m e s  
a r e  l i s t e d  u n d e r  c a t e g o r y  b .  T h e s e  c o r r e l a t i o n s  r e q u i r e  
m e t h o d s  t o  e s t i m a t e  f l u i d  h o l d u p  a n d  f r i c t i o n  f a c t o r .  One 
s u c h  c o r r e l a t i o n  i s  t h e  H a g e d o r n  a n d  Brown [ 1 9 6 5 ]  
c o r r e l a t i o n .
H a g e d o r n  a n d  Brown d e v e l o p e d  a n  e m p e r i c a l  c o r r e l a t i o n  
f r o m  d a t a  o b t a i n e d  f r o m  a  1 , 5 0 0  f o o t  e x p e r i m e n t a l  w e l l .
An a v e r a g e  m i x t u r e  d e n s i t y  was u s e d  f o r  c a l c u l a t i n g  
p r e s s u r e  l o s s e s  c a u s e d  by  f r i c t i o n  a n d  a c c e l e r a t i o n .
L i q u i d  h o l d u p  was  n o t  m e a s u r e d ,  b u t  was  b a c k  c a l c u l a t e d  
b a s e d  on  p r e s s u r e  l o s s  d a t a .  R e m e m b e r i n g  t h e  g e n e r a l  f o rm 
o f  t h e  m u l t i p h a s e  f l o w  e q u a t i o n ,  t h e  H a g e d o r n  a n d  Brown 
e q u a t i o n  c a n  b e  w r i t t e n  i n  t h e  f o l l o w i n g  f o r m a s
fdpi ^tp<"f''m “ "'m' _________
-  E r J t  = Ps 8 s iT> 6  + — 2 d------  + Ps ' 2 d l  ( 6 . 2 . 3 1 )
a ( v 2 )
w h e r e
( 6 . 2 . 3 2 )
' s
^ v ^ )  = v 2 ( p ^ ,  T^)  -  V2(P2 ,  Tg)
The  e q u a t i o n  c a n  b e  r e w r i t t e n  i n  e n g i n e e r i n g  u n i t s  a s
1 ^ 1  _ J _
W z J t  " 144
g f t p " 2
2 . 9 6 5 2 x 10 1
^s ’2 g^jdz 
w h e r e
g = a c c e l e r a t i o n  o f  g r a v i t y  ( f t / s e c ^ )
gg = c o n v e r s i o n  c o n s t a n t  e q u a l  t o  3 2 . 1 7 4
( l b „ - f t ) / ( I b f - s e c ^ )
( 6 . 2 . 3 3 )
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Pg H s l i p  d e n s i t y  ( I b ^ / f t ® )
w = ma s s  f l o w  r a t e  ( I b ^ / d a y )
D = i n t e r n a l  p i p e  d i a m e t e r  ( f t )
= m i x t u r e  v e l o c i t y  ( f t / s e c )
p r e s s u r e  g r a d i e n t  ( p s i / f t )
The t w o - p h a s e  f r i c t i o n  f a c t o r  i s  c o r r e l a t e d  w i t h  a  
t w o - p h a s e  R e y n o l d s  numbe r  u s i n g  a  s t a n d a r d  Moody d i a g r a m ,  
F i g u r e  6 . 3 .  The  R e y n o l d s  number  i s  c a l c u l a t e d  f rom t h e  
e x p r e s s i o n  b e l o w :
fn^m^
N r s  = ----- —  ( 6 . 2 . 3 4 )
U s i n g  m e t h o d s  s i m i l a r  t o  t h a t  o f  Duns a n d  Ros  [ 1 9 6 3 ] ,  
H a g e d o r n  a n d  Brown showed t h a t  t h e  l i q u i d  h o l d u p  (H^) i s
r e l a t e d  t o  t h e  f o l l o w i n g  f o u r  d i m e n s i o n l e s s  g r o u p s .
Nlv = 1 . 9 3 8 V g i  ( 6 . 2 . 3 5 )
Ngv = 1 . 9 3 8 Vg g  ^ ( 6 . 2 . 3 6 )
Nj  = 1 . 9 3 8 D  ^ ( 6 . 2 . 3 7 )
Nl  = 1 . 9 3 8 P L  [ l / (  PL/Ol >®] ( 6 . 2 . 3 8 )
w h e r e
Nlv = l i q u i d  v e l o c i t y  number
Ngv = g a s  v e l o c i t y  number
Nj  = p i p e  d i a m e t e r  number
Nj  ^ = l i q u i d  v i s c o s i t y  number
VgL, = s u p e r f i c i a l  l i q u i d  v e l o c i t y  ( f t / s e c )
Vgg = s u p e r f i c i a l  g a s  v e l o c i t y  ( f t / s e c )
s  l i q u i d  d e n s i t y  ( I b ^ / f t ^ )
= l i q u i d  s u r f a c e  t e n s i o n  ( d y n e s / c m )
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= l i q u i d  v i s c o s i t y  ( c p )
D = p i p e  d i a m e t e r  ( f t )
H a g e d o r n  a n d  Brown u s e d  a r e g r e s s i o n  a n a l y s i s  t e c h n i q u e  t o  
r e l a t e  t h e  f o u r  d i m e n s i o n l e s s  g r o u p s  a n d  t h e  p r e s s u r e  
t e r m .  T h e i r  h o l d u p  c o r r e l a t i o n  i s  shown i n  F i g u r e  6 . 4 .
The t e r m  CN^ was i n t r o d u c e d  t o  a c c o u n t  f o r  t h e  v i s c o s i t y
o f  t h e  l i q u i d .  CN^ i s  o b t a i n e d  f ro m  a  p l o t  o f  v s .  CN^
a s  t h e  o n e  shown i n  F i g u r e  6 . 5 .  An a d d i t i o n a l  f a c t o r  
was n e e d e d  i n  t h e  h o l d u p  c o r r e l a t i o n .  The d e t e r m i n a t i o n  
of  t h i s  s e c o n d a r y  c o r r e c t i o n  f a c t o r  ( y) i s  shown i n  F i g u r e  
6 . 6 .
6 . 2 . 3  Duns a n d  Ros M u l t i p h a s e  C o r r e l a t i o n
C o r r e l a t i o n s  t h a t  c o n s i d e r  b o t h  s l i p  a n d  t h e  e f f e c t s  
o f  d i f f e r e n t  f l o w  p a t t e r n s  a r e  l i s t e d  u n d e r  t h e  c a t e g o r y  
c .  A c c o r d i n g l y ,  t h e s e  c o r r e l a t i o n s  r e q u i r e  m e t h o d s  t o  
d e f i n e  t h e  f l u i d  h o l d u p ,  f r i c t i o n  f a c t o r ,  a n d  a c c e l e r a t i o n  
t e r m  w h i c h  a r e  a l l  d e p e n d e n t  upon  t h e  f l o w  p a t t e r n .  The 
m o s t  common f l o w  p a t t e r n s  e n c o u n t e r e d  i n  m u l t i p h a s e  f l o w  
a r e  b u b b l e ,  s l u g ,  t r a n s i t i o n ,  a n d  m i s t C F i g u r e  6 . 2 ) .  The 
c o r r e l a t i o n s  m o s t  commonly u s e d  i n  t h e  p e t r o l e u m  i n d u s t r y  
a r e  t h e  Duns a n d  Ros [ 1 9 6 3 ]  c o r r e l a t i o n  a n d  t h e  O r k i s z e w s k i  
[ 1 9 6 7 ]  c o r r e l a t i o n .  The O r k i s z e w s k i  c o r r e l a t i o n  w i l l  be  
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
The Duns a n d  Ros  c o r r e l a t i o n  i s  a  r e s u l t  o f  a n  
e x t e n s i v e  l a b o r a t o r y  s t u d y  i n  w h i c h  l i q u i d  h o l d u p  and  
p r e s s u r e  g r a d i e n t s  w e r e  m e a s u r e d .  The  f l o w  r e g i m e s  a r e  
d e f i n e d  a s  f u n c t i o n s  o f  t h e  d i m e n s i o n l e s s  q u a n t i t i e s  Ngy,
Nlv* 1- 1 » 1- 2 ' Lg,  L„,  a n d  w h e r e
Lg = 50 + 36NLV ( 6 . 2 . 3 9 )
Lm = 75 + 84Ng^7S ( 6 . 2 . 4 0 )
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Lj  ^ a n d  L 2  a r e  f u n c t i o n s  o f  a s  shown i n  F i g u r e  6 . 7 .
Duns  a n d  Ros  p r e s e n t e d  c o r r e l a t i o n s  f o r  a  d i m e n s i o n l e s s  
s l i p  v e l o c i t y  f r o m  w h i c h  a c t u a l  s l i p  v e l o c i t y  a n d  l i q u i d  
h o l d u p  c a n  b e  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  b e l o w :
[^) 1/ 4S = Vg I — I ( 6 . 2 . 4 1 )
w h e r e
^ s g  ' ' sL
' ' s  " 1 -Hl  “ Hl  ( 6 . 2 . 4 2 )
S o l u t i o n  o f  E q u a t i o n  6 . 2 . 4 2  f o r  l i q u i d  h o l d u p  y i e l d s
1/  z
Vs-Vm+ Bvs-Vm)^+4VsVsL]
Hl  = --------------------- ^ ----------------------------  ( 6 . 2 . 4 3 )
The p r o c e d u r e  f o r  c a l c u l a t i n g  t h e  p r e s s u r e  g r a d i e n t  due  t o  
e l e v a t i o n  i s :
1.  C a l c u l a t e  t h e  d i m e n s i o n l e s s  s l i p  v e l o c i t y  ( S ) ,  
u s i n g  t h e  a p p r o p r i a t e  c o r r e l a t i o n .  The 
c o r r e l a t i o n  f o r  S i s  d i f f e r e n t  f o r  e a c h  f l o w  
r e g i m e .
2 .  S o l v e  E q u a t i o n  6 . 2 . 4 1  f o r  s l i p  v e l o c i t y  ( V g ) .
3 .  C a l c u l a t e  t h e  l i q u i d  h c l d u p  (H^,) u s i n g  E q u a t i o n  
6 . 2 . 4 3 .
4 .  C a l c u l a t e  t h e  m i x t u r e  d e n s i t y  ( P g ) .
5 .  C a l c u l a t e  t h e  p r e s s u r e  g r a d i e n t  d u e  t o  e l e v a t i o n  
c h a n g e .
F o r  b u b b l e  f l o w  p a t t e r n  w h e r e  0  <Ng^ <(Lj^+L2 Nl^ ) ,  t h e y  
p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n s .
3  [  1 * N , „  JS = F i  + F2 NLV + F 3  i+N ( 6 . 2 . 4 4 )
» F 4Fa = F3  -  - j j —  ( 6 . 2 . 4 5 )
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clp 1
z J f  = 2 g^De- (6.2.46)
fm = — T   ( 6 . 2 . 4 7 )3
' [sOvIL ]
1/  Z
f g  = 1  + f ,  I t h . .  ■— I ( 6 . 2 . 4 8 )
w h e r e  Fj^, p 2 > Fg ,  a n d  F^  a r e  g i v e n  i n  F i g u r e  6 . 8  w h i c h
a r e  f u n c t i o n s  o f  t h e  l i q u i d  v i s c o s i t y  number  (Nj^).  In
E q u a t i o n  6 . 2 . 4 7 ,  f  ^ i s  o b t a i n e d  f ro m a  Moody d i a g r a m
( F i g u r e  6 . 3 )  a s  a  f u n c t i o n  o f  t h e  R e y n o l d s  number  
( E q u a t i o n  6 . 2 . 2 5 ) .  The f a c t o r  f g  i s  a  c o r r e c t i o n  f o r  t h e
i n - s i t u  g a s  l i q u i d  r a t i o ,  a n d  i s  g i v e n  i n  F i g u r e  6 . 9  a s
a  f u n c t i o n  o f  t h e  g r o u p  C f  i  < Vgg/Vg^^) ®3. The
a c c e l e r a t i o n  t e r m  i s  n e g l i g i b l e  i n  b u b b l e  f l o w .
F o r  t h e  s l u g  f l o w  p a t t e r n ,  w h e r e  [Lj^+LgNL^^ 3 <Ng^ <Lg^
Duns a n d  Ros p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n s :
+ Fg
s  = ( 1  + Fg)   r —:— ( 6 . 2 . 4 9 )
( 1  + FyN^y)
Fg = 0 . 0 2 9 N j  + Fg ( 6 . 2 . 5 0 )
w h e r e  Fg,  Fg,  a n d  Fy a r e  f o u n d  i n  F i g u r e  6 . 1 0  a s  a
f u n c t i o n  o f  t h e  l i q u i d  v i s c o s i t y  number  ( N ^ ) .  The
p r e s s u r e  g r a d i e n t  du e  t o  f r i c t i o n  i n  t h i s  f l o w  r e g i m e  i s  
c a l c u l a t e d  u s i n g  t h e  e q u a t i o n s  f o r  b u b b l e  f l o w .  The 
a c c e l e r a t i o n  t e r m  was a l s o  c o n s i d e r e d  t o  be  n e g l i b l e  i n  
t h e  s l u g  f l o w  r e g i m e .
I n  t h e  m i s t  f l o w  r e g i m e ,  w h e r e  Ngy>L^,  Duns  an d  Ros
a s s u m e d  t h a t  w i t h  h i g h  g a s  r a t e s  i n  t h e  m i s t  f l o w  r e g i m e  
t h e  s l i p  v e l o c i t y  i s  z e r o .  T h e r e f o r e ,  t h e  m i x t u r e  d e n s i t y  
u s e d  i n  t h e  p r e s s u r e  g r a d i e n t  d u e  t o  e l e v a t i o n  i s  t h e  
n o - s l i p  d e n s i t y  ( f ^ ) .  The p r e s s u r e  g r a d i e n t  d ue  t o
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f r i c t i o n  i s  b a s e d  on t h e  g a s  p h a s e  o n l y  ( E q u a t i o n  6 . 2 . 2 9 ) ;  
t h u s ,  t h e  f r i c t i o n  f a c t o r  i s  g i v e n  i n  a  Moody d i a g r a m ,  b u t  
a s  a  f u n c t i o n  o f  a  R e y n o l d s  number  o f  t h e  g a s
NRe = - y --- ( 6 . 2 . 5 1 )
Duns a n d  Ros n o t e d  t h a t  t h e  w a l l  r o u g h n e s s  f o r  m i s t  f l o w  
i s  a f f e c t e d  by  t h e  f i l m  o f  l i q u i d  on t h e  w a l l  o f  t h e  p i p e .  
The  f o l l o w i n g  e q u a t i o n s  a r e  u s e d  t o  c o r r e c t  f o r  t h i s  
phenoma o c c u r r i n g  i n  t h e  m i s t  f l o w  r e g i o n .
^ g ' ' i g  sN.,^ = —   ( 6 . 2 . 5 2 )'we °L
Nj. = ( 6 . 2 . 5 3 )
g 0 . 0 7 4 9
NweN^SO.005:  d = ' i  ( 6 . 2 . 5 4 )
g 0 . 0 7 4 9
N„eNj.>O.OOS: â  = ' 2"T d~ ~  ( 6 . 2 . 5 5 )
V a l u e s  o f  t h e  f r i c t i o n  f a c t o r  ( f )  f o r  t h e  m i s t  f l o w  r e g i m e
may be  f o u n d  f o r  e / d  > 0 . 0 5  f r om  t h e  r e l a t i o n  b e l o w :
f= 4  f---------------   =— + 0 . 0 6 7 ( € / d ) l ' 7 3 |  ( 6 . 2 . 5 6 )
L [ 4 1 o g ( 0 . 2 7 € / d ) 2 ^  }
Duns an d  Ros a l s o  s u g g e s t e d  t h a t  t h e  p r e d i c t i o n  of  
f r i c t i o n  l o s s  c o u l d  b e  r e f i n e d  by s u b s t i t i o n  o f  D - e  f o r  D
a n d  ( VggD^) / ( D - e ) ^  f o r  Vgg t h r o u g h o u t  t h e  c a l c u l a t i o n  o f
f r i c t i o n  g r a d i e n t .  The p r e s s u r e  g r a d i e n t  du e  t o  
a c c e l e r a t i o n  i s  a p p r o x i m a t e d  w i t h  t h e  f o l l o w i n g  e q u a t i o n :
I  = m  <— >
F o r  t h e  t r a n s i t i o n  z o n e  b e t w e e n  s l u g  f l o w  an d  m i s t
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f l o w ,  Duns a n d  Ros s u g g e s t e d  l i n e a r  i n t e r p o l a t i o n  b e t w e e n  
t h e  f l o w  r e g i m e  b o u n d a r i e s .  T h e r e f o r e ,  t h e  p r e s s u r e  
g r a d i e n t  i n  t h e  t r a n s i t i o n  z o n e  i s  t h e n  c a l c u l a t e d  f r om  
t h e  f o l l o w i n g  e q u a t i o n s  shown b e l o w :
' I ^ L u g  " < 6 . 2 . 5 8 >
^m” ^gv
A -  —r  _i ( 6 . 2 . 5 9 )
Ng v ' Lg
B = - T - ^ -------  ( 6 . 2 . 6 0 )
*^s
I n c r e a s e d  a c c u r a c y  was c l a i m e d  i f  t h e  g a s  d e n s i t y  u s e d  i n  
t h e  m i s t  f l o w  p r e s s u r e  g r a d i e n t  c a l c u l a t i o n  was  m o d i f i e d  
t o
^g^gv
P» = — T T   ( 6 . 2 . 6 1 )® m
w h e r e  pg i s  t h e  g as  d e n s i t y  c a l c u l a t e d  a t  t h e  g i v e n  
c o n d i t i o n s  o f  p r e s s u r e  a n d  t e m p e r a t u r e .
6 . 2 . 4  O r k i s z e w s k i  M u l t i p h a s e  C o r r e l a t i o n
O r k i s z e w s k i  c o m b i n e d  t h e  work o f  s e v e r a l  o t h e r  
i n v e s t i g a t o r s  w i t h  some f i e l d  d a t a  a n d  p r o p o s e d  a  c o m p o s i t e
c o r r e l a t i o n .  He s e l e c t e d  t h e  G r i f f i t h  a n d  W a l l i s  [ 1 9 6 1 ]
me t h o d  f o r  b u b b l e  f l o w ,  d a t a  f r o m t h e  H a g e d o r n  a n d  Brown 
c o r r e l a t i o n  t o  d e v e l o p  t h e  m e t h o d  f o r  s l u g  f l o w ,  a n d  t h e  
Duns  a nd  Ros m e t h o d  f o r  m i s t  f l o w .
F o r  t h e  b u b b l e  f l o w  p a t t e r n  w h e r e  <Vgg/v^ )  < Lg w i t h
t h e  l i m i t  Lg > 0 . 1 3 ,  he p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n s .
0 . 2 2 1 8 v 2
Lg = 1 . 0 7 1  -  --------- g--------  ( 6 . 2 . 6 2 )
"L = 1  -  2 ( 6 . 2 . 6 3 )
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/^DVgL
^Re “ ( 6 . 2 . 6 5 )
The  a c c e l e r a t i o n  t e r m  i s  n e g l i g i b l e  i n  t h e  b u b b l e  f l e w  
r e g i m e .
I n  t h e  s l u g  f l o w  p a t t e r n ,  w h e r e  (Vgg/Vg,) > Lg a n d  
Ngy < Lg^ O r k i s z e w s k i  p r o p o s e d  t h e  f o l l o w i n g  e q u a t i o n s :
Vy = C i C g C g D ) * / ^  ( 6 . 2 . 6 7 )
K l ,  ■ • ■)
Ngg = ----------  ( 6 . 2 . 6 9 )
NRey = ( 6 . 2 . 7 0 )
NReL = ( 6 . 2 . 7 1 )
w h e r e  Cj  ^ a n d  C2 a r e  e x p r e s s e d  i n  F i g u r e  6 . 1 1  a s  f u n c t i o n  
o f  an d  Ngg^.  The v a l u e  o f  S i s  c a l c u l a t e d  f ro m one
o f  t h e  f o l l o w i n g  e x p r e s s i o n s  d e p e n d i n g  upo n  t h e  c o n t i n o u s  
l i q u i d  p h a s e  a n d  t h e  v a l u e  o f  t h e  m i x t u r e  v e l o c i t y .  T a b l e
6 . 2  a n d  t h e  f o l l o w i n g  e q u a t i o n s  b e l o w  show t h e  c r i t e r i a  
f o r  c a l c u l a t i n g  S.
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(Beggs and Brill, 1978)
pj
a
1.5
1.4
1.3
1.2
1.1
0
0 1000 2000  
N Rl
3 0 0 0  4 0 0 0
.  P l D Vm 
P l
5 0 0 0  6 0 0 0
Figure 6.12 - Griffith-Wallis Coefficient (Beggs and Brill, 
1978)
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Table 6.2
Equations for S^Beggs and Brill, 1978]
C o n t i n o u s  V a l u e  E q u a t i o n
L i q u i d  P h a s e  o f  f o r  S
w a t e r  < 10 6 . 2 . 7 2
w a t e r  > 10 6 . 2 . 7 3
o i l  < 10 6 . 2 . 7 4
o i l  • > 10 6 . 2 . 7 5
0 . 0 1 3 1 o g (  jij >^
D-
( 6 . 2 . 7 2 )
S =  TÏTSS  0 . 6 8 1  + 0 . 2 3 2 1 o g ( v ^ >  -  0 . 4 2 8 1 o g ( D )
0 . 0 4 5 1 o g (
S =  p o '.' 799  ■ 0 . 7 0 9  -  0 . 1 6 2 1 o g ( v ^ )  -  0 . 8 6 8 1 o g ( D )
( 6 . 2 . 7 3 )
0 . 0 1 2 7 1 o g (  jJj^ + 1  )
S = --------------------   0 . 2 8 4  + 0 . 1 6 7 1 o g ( v ^ )  + 0 . 1 1 3 1 o g ( D )
( 6 . 2 . 7 4 )
0 . 0 2 7 4  1 og ( jip+1 )
S =  p 1 7 3 7 1  0 . 1 6 1  + 0 . 5 6 9 1 o g ( D )  + X ( 6 . 2 . 7 5 )
p .  0 1 1  og ( jJ^ + 1  ) 1
)
.     p    
X = -  l o g ( v ^ )  I p i  s Y i   + 0 . 3 9 7  + 0 . 6 3 1 o g ( D )  I ( 6 . 2 . 7 6 :
The  p h a s e  i n v e r s i o n  f r o m  o i l  c o n t i n o u s  t o  w a t e r  c o n t i n o u s  
o c c u r s  a t  a  w a t e r  c u t  o f  a p p r o x i m a t e l y  75% i n  e m u l s i o n  
f l o w .  The v a l u e  o f  S i s  c o n s t r a i n e d  by t h e  f o l l o w i n g  
l i m i t s :
v^  < 1 0 :  S > - 0 . 0 6 5 v „  ( 6 . 2 . 7 7 )
Vm > 10:  S > ( l - P g / f L )  ( 6 . 2 . 7 8 )
When C2  c a n n o t  b e  r e a d  f ro m F i g u r e  6 . 1 2 ,  v ^  may be
c a l c u l a t e d  by t h e  f o l l o w i n g  e q u a t i o n s  d e p e n d i n g  on t h e  
v a l u e  o f
i  3 0 0 0 :  v^ = ( 0 . 5 4 6 + 8 . 74xlO-®Nj jg^)  v / g l T"  ( 6 . 2 . 7 9 )
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NRe, > 8 0 0 0 ;  vy = C 0 . 3 5 + 8 . 7 4 x l 0 " ® N R e ^ ) v / g i r
300 0  < < 8 0 0 0 : Vk = S+
13.50JJL i / z
t =  ( 0 .  251 + 8 . 7 4 x i O “ ®NRej^)v'^gtr“
( 6 . 2 . 8 0 )
( 8 . 2 . 8 1 )
( 6 . 2 . 8 2 )
Fo r  t h e  t r a n s i t i o n  f l o w  p a t t e r n ,  w h e r e  > Ng^ > Lg,
a n d  t h e  m i s t  f l o w  p a t t e r n ,  w h e r e  Ng^ > Lg,  t h e  p r e s s u r e
g r a d i e n t  i s  e s t i m a t e d  u s i n g  t h e  p r o c e d u r e s  s u g g e s t e d  by 
Duns a nd  Ros .
T h i s  c o n c l u d e s  t h e  d e s c r i p t i o n  o f  m u l t i p h a s e  f l o w  
c o r r e l a t i o n s  u s e d  i n  t h i s  s t u d y .  The  n e x t  c h a p t e r  w i l l  
c o v e r  t h e  d e t a i l s  o f  t h e  i m p l e m e n t a t i o n  o f  t h e  t h e o r e t i c a l  
e q u a t i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r s .
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CHAPTER VI I
A p p l i c a t i o n  o f  C o m p u t e r  Model u s i n g  F i e l d  D a t a
7 . 1  C a l c u l a t i o n  P r o c e d u r e  f o r  D e s i g n i n g  a n d  E v a l u a t i n g  
G a s - C o n d e n s a t e  W e l l s
The  n e w l y  d e v e l o p e d  c o m p u t e r  model  (TENSAPC) f o r  
a n a l y z i n g  g a s - c o n d e n s a t e  w e l l s ,  was u s e d  t o  e v a l u a t e  
s e v e r a l  g a s - c o n d e n s a t e  w e l l s .  C r i t e r i a  c o n s i s t e d  o f  a  
h i s t o r y  m a t c h i n g  o f  p r e s s u r e  t r a v e r s e s  a c q u i r e d  f r om f l o w  
t e s t s  p e r f o r m e d  on  s e v e r a l  w e l l s ,  a n d  e s t i m a t i o n  o f  t h e  
o u t f l o w  a n d  i n f l o w  c u r v e s  o n c e  a  s u i t a b l e  h i s t o r y  m a t c h  was  
o b t a i n e d .  F i n a l l y  t h e  d e c i s i o n  o f  w h a t  e q u i p m e n t  and  
c o n d i t i o n s  w o u l d  o p t i m i z e  p r o d u c t i o n  c a n  b e  made an d  
p o s s i b l y  be  i n c o r p o r a t e d  i n t o  t h i s  w e l l .  A l s o ,  s i m i l a r  
f u t u r e  w e l l s  c a n  b e n e f i t  f r om  t h e  k n o w l e d g e  g a i n e d .
7 . 1 . 1  Wel l  D a t a
The  g a s - c o n d e n s a t e  w e l l  d a t a  was  p r o v i d e d  by T e n n e c o  
O i l  a n d  E x p l o r a t i o n  Company,  l o c a t e d  i n  L a f a y e t t e ,  
L o u i s i a n a .  A l l  o f  t h e  w e l l s  a r e  o f f s h o r e ,  l o c a t e d  on 
p r o d u c t i o n  p l a t f o r m s  i n  t h e  G u l f  o f  M e x i c o  o f f  t h e  
L o u i s i a n a  c o a s t .  The  d a t a  c o n s i s t e d  o f  f l u i d  a n a l y s i s  o f  
g a s  a n d  c o n d e n s a t e  s a m p l e s  t a k e n  f r om  t h e  w e l l s ,  f l o w i n g  
p r e s s u r e  t r a v e r s e s  f r om t r a n s i e n t  w e l l  t e s t s  p e r f o r m e d  on 
t h e  w e l l ,  d i r e c t i o n a l  s u r v e y  d a t a ,  a n d  a  s c h e m a t i c  s h o w i n g  
t h e  e q u i p m e n t  p l a c e d  w i t h i n  t h e  b o r e h o l e .  The f o r m a t i o n  
t h i c k n e s s  o f  t h e  p r o d u c i n g  s a n d  was a c q u i r e d  f r om  w e l l  l o g  
d a t a .  P e r t i n e n t  d a t a  s u c h  a s  w e l l h e a d  t e m p e r a t u r e ,  
w e l l h e a d  p r e s s u r e ,  b o t t o m h o l e  t e m p e r a t u r e ,  b o t t o m h o l e  
p r e s s u r e ,  t u b i n g  i n t e r n a l  d i a m e t e r ,  a n d  p r o d u c i n g  r a t e s  
( g a s ,  c o n d e n s a t e ,  w a t e r ) ,  e t c .  w e r e  a l s o  g i v e n .  T a b l e  7 . 1  
a n d  7 . 2  ( p a g e s  143  a n d  144 r e s p e c t i v e l y )  s u m m a r i z e s  t h e  
w e l l  d a t a  on  e a c h  w e l l  i n v o l v e d  i n  t h e  s t u d y .
S t u d i e s  w e r e  p e r f o r m e d  on s e v e n  w e l l s .  S i n c e  t h e  
s t u d i e s  i n v o l v e d  h i s t o r y  m a t c h i n g  t h e  p r e s s u r e  t r a v e r s e s ,  
a p p r o x i m a t e l y  f i v e  d a t a  p o i n t s  w e r e  t a k e n  a s
- 1 2 8 -
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r e p r e s e n t a t i v e  f o r  e a c h  w e l l .  I t  i s  r ecommended  t h a t  w e l l s  
w i t h  h i g h  g a s - t o - o i  1 r a t i o s ,  s m a l l e r  a n d  l a r g e r  t u b i n g  
d i a m e t e r s ,  h i g h e r  w a t e r  p r o d u c t i o n  r a t e s ,  a n d  d e e p e r  
p r o d u c i n g  z o n e s  b e  t e s t e d  t o  e v a l u a t e  t h e  p o s s i b l e  
l i m i t a t i o n s  o f  t h i s  t e c h n i q u e .
7 . 1 . 2  C o m p u t e r  Model
The c o m p u t e r  model  i s  a  a c c u m u l a t i o n  o f  c o m p u t e r  
s u b r o u t i n e s  w r i t t e n  by t h e  a u t h o r  a n d  o t h e r
r e s e a r c h e r s a n d  B r i l l ,  O r k i s z e w s k i ,  Duns  a n d  Ros ,
H a g e d o r n  a n d  Brown,  e t c . ]  t h e  m u l t i p h a s e  f l o w  f i e l d .
The  c o m p u t e r  model  i s  d i v i d e d  i n  t h e  f o l l o w i n g  c o m p u t e r  
s u b r o u t i n e s ;  1) r o u t i n e s  e s t i m a t i n g  t h e  PVT p r o p e r t i e s  f o r  
t h e  g a s - c o n d e n s a t e  f l u i d ,  2 ) r o u t i n e s  e s t i m a t i n g  t h e  
p r e s s u r e  g r a d i e n t s  f o r  m u l t i p h a s e  o r  s i n g l e - p h a s e  f l u i d  
f l o w ,  3 )  r o u t i n e s  e s t i m a t i n g  t h e  t r a v e r s e ,  o u t f l o w ,  and  
i n f l o w  c u r v e s ,  a n d  4)  p l o t t i n g  r o u t i n e s  u s e d  f o r  p l o t t i n g  
t h e  t r a v e r s e ,  o u t f l o w ,  a n d  i n f l o w  c u r v e s .
The  c o m p u t e r  s u b r o u t i n e s  u s e d  i n  c o m p u t i n g  t h e  PVT 
p r o p e r t i e s  f o r  t h e  g a s - c o n d e n a a t e  f l u i d  i s  a n  e q u a t i o n  of  
s t a t e  c o m p u t e r  mode l  (GPA*SIM) d e v e l o p e d  by  t h e  Gas  
P r o c e s s o r s  A s s o c i a t i o n .  T h a t  p r o j e c t  was  s u p e r v i s e d  by  Dr .  
J .  H. E r b a r ,  a  C h e m i c a l  E n g i n e e r i n g  p r o f e s s o r  a t  Ok lahoma 
S t a t e  U n i v e r s i t y .  The c o m p u t e r  model  was m o d i f i e d  b y  t h e  
T u l s a  U n i v e r s i t y  F l u i d  F l ow P r o j e c t  (TUFFP) .  One o f  t h e s e  
m o d i f i c a t i o n s  was t h a t  t h e  PVT p r o p e r t i e s  w e r e  n o t  o n l y  
c o m p u t e d  u s i n g  t h e  S o a v e - R e d 1i c h - Kw o n g  (SRK) e q u a t i o n  o f  
s t a t e  b u t  a l s o  t h e  P e n g - R o b i n s o n  (PR) e q u a t i o n  o f  s t a t e  a s  
w e l l .  A l s o ,  t h e  c o m p u t a t i o n s  o f  t h e  t r a n s p o r t  p r o p e r t i e s ,  
v i s c o s i t y  a n d  s u r f a c e  t e n s i o n ,  w e r e  a d d e d  w h i c h  w e r e  n o t  
d o n e  i n  t h e  p r e v i o u s  c o m p u t e r  m o d e l .  The  m u l t i p h a s e  f l o w  
p r e s s u r e  g r a d i e n t s  w e r e  c a l c u l a t e d  u s i n g  c o m p u t e r  
s u b r o u t i n e s  w r i t t e n  by Be g g s  a n d  B r i l l  [ 1 9 7 8 ] .  O t h e r  
s u b r o u t i n e s  u s e d  f o r  c o m p u t i n g  p r e s s u r e  g r a d i e n t s  f o r  t h e
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s i n g l e - p h a s e  f l o w  m o d e l ,  o u t f l o w  c u r v e s ,  i n f l o w  c u r v e s ,  a n d  
p l o t t i n g  o p e r a t i o n s  w e r e  d e v e l o p e d  by  t h e  a u t h o r .
D u r i n g  t h e  summer o f  1985 ,  t h e  a u t h o r  w o rk ed  w i t h  
T e n n e c o  O i l  a n d  E x p l o r a t i o n  Company.  H i s  a s s i g n m e n t  f o r  
t h e  summer was t o  make e n h a n c e m e n t s  i n  t h e  o r i g i n a l  
S y s t e m s  A n a l y s i s  c o m p u t e r  p r o g r a m  (TENSAP).  A f t e r  
i n s t a l l i n g  new f e a t u r e s  i n  t h e  o r i g i n a l  S y s t e m s  A n a l y s i s  
c o m p u t e r  m o d e l ,  t h e  a u t h o r  named t h e  m o d i f i e d  v e r s i o n  
TENSAP2. An i m p r o v e m e n t  t h a t  was n e v e r  a c c o m p l i s h e d  d u r i n g  
t h e  summer o f  1965 ,  i n v o l v e d  r e p l a c i n g  t h e  " b l a c k  o i l "  
model  u s e d  f o r  c a l c u l a t i n g  t h e  PVT p r o p e r t i e s  o f  a  
g a s - c o n d e n s a t e  f l u i d .  A more  s u i t a b l e  model  e m p l o y i n g  a 
c o n d e n s i n g  m e c h a n i s m  was n e e d e d .  The a u t h o r  f e l t  a n  
e q u a t i o n  o f  s t a t e  c o m p u t e r  model  wo u l d  e s t i m a t e  t h e  a moun t  
o f  c o n d e n s e d  l i q u i d  when t h e  g a s - c o n d e n s a t e  s y s t e m  i s  
f l a s h e d ,  a n d  c o m p u t e  t h e  PVT p r o p e r t i e s  o f  t h e  v a p o r  and  
c o n d e n s e d  l i q u i d .  The PVT p r o p e r t i e s  o f  t h e  g a s - c o n d e n s a t e  
f l u i d  wou ld  be  u s e d  i n  p r e d i c t i n g  t h e  p r e s s u r e  l o s s e s  
t h r o u g h  t h e  w e l l ' s  t u b i n g  s t r i n g .
As p r e v i o u s l y  s t a t e d ,  t h e  a u t h o r  d e c i d e d  t h e  Gas 
P r o c e s s o r s  A s s o c i a t i o n  e q u a t i o n  o f  s t a t e  c o m p u t e r  model  
u s e d  s u i t a b l e  r o u t i n e s  f o r  f l a s h i n g  g a s - c o n d e n s a t e  s y s t e m s .  
The model  a l s o  h a s  t h e  c a p a b i l i t y  o f  d e t e r m i n i n g  a  
s i n g l e - p h a s e  r e g i o n  w i t h o u t  t h e  c o m p u t a t i o n  o f  d e w p o i n t  
p r e s s u r e s .  F i g u r e  7 . 1  shows  a  f l o w  c h a r t  o f  t h e  Gas 
P r o c e s s o r s  A s s o c i a t i o n  e q u a t i o n  o f  s t a t e  c o m p u t e r  m o d e l .  
A c c e p t a n c e  o f  t h e  model  was d u e  t o  i t s  t e m p e r a t u r e  and  
p r e s s u r e  r a n g e s .  The  Gas P r o c e s s o r s  A s s o c i a t i o n  r e p o r t e d  
t h e  u p p e r  p r e s s u r e  l i m i t  o f  t h e  p r o g r a m  i s  unknown,  w h i l e  
t h e  l o w e r  p r e s s u r e  l i m i t  a p p e a r s  t o  be  a b o u t  0 . 1 - 1 . 0  p s i a .  
The p r o g r a m  h a s  b e e n  t e s t e d  i n  t h e  t e m p e r a t u r e  r a n g e  of
- 3 0 0  t o  650  w i t h  p r e s s u r e s  a s  h i g h  a s  3 0 , 0 0 0  p s i a .
I t  was f e l t  t h a t  no s i g n i f i c a n t  d e g r a d a t i o n  i n  t h e  q u a l i t y  
o f  t h e  p r e d i c t e d  r e s u l t s  c o u l d  b e  a t t r i b u t e d  d i r e c t l y  t o  a  
p r o g r a m  f a i l u r e  when r u n  a t  t h e s e  c o n d i t i o n s .  However ,  
w a t e r  p r e d i c t i o n  c a p a b i l i t e s  o f  t h e  p r o g r a m  s h o u l d  n o t  be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-1 3 1 -
NHCP-O N H C P-î
NEW CALCULATIONNEW PROBLEM USER EDIT TO CHANGE 
PROBLEM CONDITIONS, ETC.
DONE
INPUT TITLE
PRINT ANSWERS
INPUT PROBLEM 
CONDITIONS
PRINT CALCULATED HYPO 
PROPERTIES IF NEG
REQUEST HYPO 
DEFINITIONS
INPUT COMPONENT 
ID NO S ft FEED RATES
INPUT CONTROL CONSTANTS
INPUT'NUMBER OF HYPOS 
(NHCP)
PERFORM DESIGNATED 
EQUILIBRIUM CALCULATIONS
Figure 7.1 - Logic Diagram of Computer Subroutine 
GAP*SIM
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-132-
u s e d  b e l o w  32  ° F .  By r e p l a c i n g  t h e  " b l a c k  o i l ” model  w i t h  
t h e  e q u a t i o n  o f  s t a t e  m o d e l ,  a  new S y s t e m s  A n a l y s i s  
c o m p u t e r  model  (TENSAPC) was d e v e l o p e d .
7 . 1 . 3  H i s t o r y  M a t c h i n g  o f  P r e s s u r e  T r a v e r s e s
In o u r  s t u d y  we f e l t  t h e  o n l y  p a r a m e t e r  t h a t  s h o u l d  be  
c h a n g e d  s i n c e  i t  was  t h e  m o s t  u n p r e d i c t a b l e ,  w o u l d  be  t h e  
m u l t i p h a s e  f l o w  c o r r e l a t i o n s  e s t i m a t i n g  t h e  p r e s s u r e  
g r a d i e n t  a l o n g  t h e  t u b i n g  s t r i n g .  The  o t h e r  p a r a m e t e r s  
w ou l d  r e m a i n  a s  c o n s t a n t  a s  p o s s i b l e ,  a n d  o n l y  c h a n g e  
w i t h i n  t h e  s p e c i f i c  l i m i t a t i o n s  f o r  t h e  p r o d u c i n g  w e l l .
I t  was d e c i d e d  t h a t  t h e  new S y s t e m s  A n a l y s i s  c o m p u t e r  
model  w o u l d  p r e d i c t  p r e s s u r e  l o s s e s  f o r  g a s - c o n d e n s a t e  
f l u i d s  f l o w i n g  t h r o u g h  v e r t i c a l  p i p e s  u s i n g  f o u r  
m u l t i p h a s e  c o r r e l a t i o n s .  As a l r e a d y  m e n t i o n e d ,  t h r e e  o f  
t h e  c o r r e l a t i o n s  a r e  w i d e l y  u s e d  i n  t h e  p e t r o l e u m  i n d u s t r y .  
T h e s e  c o r r e l a t i o n s  a r e  H a g e d o r n  a n d  Brown,  Duns  a n d  Ros ,  
a n d  O r k i s z e w s k i .  The  f o u r t h  c o r r e l a t i o n  u s e d  i n  t h e  s t u d y  
was a  m o d i f i e d  G r a y  c o r r e l a t i o n .  Due t o  t h e  l i m i t e d  p u b l i c  
k n o w l e d g e  c o n c e r n i n g  t h e  G r a y  C o r r e l a t i o n ,  e s t i m a t e s  f o r  
s u r f a c e  t e n s i o n  a n d  PVT p r o p e r t i e s  f o r  t h e  g a s - c o n d e n s a t e  
f l u i d  w e r e  c o m p u t e d  u s i n g  t h e  e q u a t i o n  o f  s t a t e  c o m p u t e r  
m o d e l .  T h i s  c h a n g e  i n  c o m p u t a t i o n  f o r  t h e  G r ay  c o r r e l a t i o n  
was  b e l i e v e d  t o  g i v e  b e t t e r  p r e d i c t i o n s  f o r  t h e  p r e s s u r e  
t r a v e r s e .  Two o t h e r  m o d e l s  i n c l u d e d  i n  t h e  s t u d y  f o r  t h e  
s a k e  o f  c o m p a r i n g  r e s u l t s ,  w e r e  t h e  s i n g l e - p h a s e  f l o w  model  
u s i n g  t h e  m o d i f i e d  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  ( c o n d e n s a t e  
c o r r e c t i o n )  a n d  t h e  t w o - p h a s e  mode l  u s e d  i n  TENSAP2 w h i c h  
a s s u m e s  t h e  c o n d e n s a t e  b e h a v e s  a s  a  " b l a c k  o i l " .  Of a l l  
t h e  p a p e r s  d i s c u s s i n g  t h e  u s e  o f  t h e  C u l l e n d e r  a n d  S m i t h  
e q u a t i o n  f o r  t h e  p r e d i c t i n g  b o t t o m h o l e  p r e s s u r e  o f  
g a s - c o n d e n s a t e  w e l l s ,  n o n e  i n c l u d e d  t h e  e f f e c t  o f  
a c c e l e r a t i o n  i n  t h e i r  c a l c u l a t i o n s .  In  t h i s  s t u d y  
a c c e l e r a t i o n  was  i n c l u d e d ,  a n d  i t s  c o m p u t a t i o n  i s  c l e a r l y  
shown i n  A p p e n d i x  B.
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The i n s i t u  v o l u m e t r i c  f l o w  r a t e s  w e r e  c o m p u t e d  u s i n g  
t h e  e q u a t i o n s  a s  p r o p o s e d  b y  Beggs  a n d  B r i l l  [ 1 9 7 8 ]  when 
u s i n g  a  c o m p o s i t i o n a l  m o d e l .  T h e s e  e q u a t i o n s  a r e  l i s t e d  
b e l o w :
m^ = LM ( 7 . 1 . 1 )
my = VM ( 7 . 1 . 2 )
w+[m, / (m,  + mg) ]
9L = ----------------^ --------    ( 7 . 1 . 3 )
wxCmg/(mt + mg) ]
qg = --------- ----- p---------    ( 7 . 1 . 4 )K r g
w h e r e
L = m o l e s  l i q u i d / m o l e  f e e d  ( d ’ l e s s )
V = m o l e s  v a p o r / m o l e  f e e d  ( d ’ l e s s )
m|  ^ = ma ss  o f  l i q u i d / m o l e  f e e d  ( I b m / l b - m o l e )
ntg = ma ss  o f  v a p o r / m o l e  f e e d  ( I b m / l b - m o l e )
= m o l e c u l a r  w e i g h t  o f  l i q u i d  ( I b m / l b - m o l e )
Mg = m o l e c u l a r  w e i g h t  o f  v a p o r  ( I b m / l b - m o l e )
= d e n s i t y  o f  l i q u i d  ( I b m / f t ® )
Pg = d e n s i t y  o f  v a p o r  ( I b m / f t ^ )
w^ = t o t a l  ma ss  f l o w  r a t e  o f  w e l l  ( I b m / d a y )
q^  = i n - s i t u  v o l u m e t r i c  f l o w  r a t e  o f  l i q u i d  ( f t ^ / d a y )
qg = i n - s i t u  v o l u m e t r i c  f l o w  r a t e  o f  v a p o r  ( f t ^ / d a y )
The v a l u e s  o f  L, V, p^,  a n d  Pg a r e  c o m p u t e d  a s  a  f u n c t i o n
o f  p r e s s u r e ,  t e m p e r a t u r e ,  a n d  c o m p o s i t i o n  u s i n g  t h e  
e q u a t i o n  o f  s t a t e  m o d e l .  S u p e r f i c i a l  v e l o c i t i e s  a r e  
c a l c u l a t e d  d i r e c t l y  by  d i v i d i n g  t h e  i n - s i t u  v o l u m e t r i c  
r a t e s  w i t h  t h e i r  r e s p e c t i v e  c r o s s  s e c t i o n a l  f l o w  a r e a s .  
T h e s e  s u p e r f i c i a l  v e l o c i t i e s  n o t  o n l y  h e l p  p r e d i c t  t h e  
m u l t i p h a s e  f l o w  p r e s s u r e  g r a d i e n t s ,  b u t  h e l p  i n  
d i s t i n g u i s h i n g  t h e  d i f f e r e n t  f l o w  r e g i m e s .
Ea c h  w e l l  i n  t h e  s t u d y  was h i s t o r y  m a t c h e d  i n  t h e  
f o l l o w i n g  m a n n e r :
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1.  P r e s s u r e  t r a v e r s e  i s  e s t i m a t e d  u s i n g  t h e  
c o m p o s i t i o n a l  m o d e l .
2 . Cy+ o r  h e a v i e r  f r a c t i o n  i s  d i v i d e d  i n t o  two
d i s t i n c t  p s e u d o  c o m p o n e n t s  by u s a g e  o f  a  c o m p u t e r  
s u b r o u t i n e  c a l l e d  (SCONTD). T h i s  r o u t i n e  s p l i t s  
t h e  f r a c t i o n  w i t h  t h e  a i d  o f  a  s e m i - c o n t i n o u s  
d e s c r i p t i o n  model  a s  p r e v i o u l y  d i s c u s s e d  i n  c h a p t e r  
4 .  The f l u i d  p r o p e r t i e s  o f  e a c h  p s e u d o  c o m p on en t  
i s  a l s o  c a l c u l a t e d .
3 .  The s e p e r a t o r  l i q u i d  a n d  v a p o r  a r e  r e c o m b i n e d  
u s i n g  t h e  c o m p u t e r  s u b r o u t i n e  (RECOMB).
4 .  A p r e s s u r e  t r a v e r s e  i s  e s t i m a t e d  f o r  e a c h  w e l l  
u s i n g  t h e  new S y s t e m s  A n a l y s i s  c o m p u t e r  m o d e l ,  
TENSAPC. F o r  e a c h  t r a v e r s e ,  t h e  f o u r  m u l t i p h a s e  
c o r r e l a t i o n s ,  H a g e d o r n  an d  Brown,  Duns  a nd  Ros ,  
O r k i s z e w s k i ,  an d  G r a y ,  a r e  u s e d .  F i g u r e  7 . 2  shows  
t h e  f l o w  c h a r t  f o r  c a l c u l a t i n g  p r e s s u r e  t r a v e r s e s .
5 .  A p r e s s u r e  t r a v e r s e  i s  e s t i m a t e d  f o r  e a c h  w e l l  
u s i n g  t h e  m o d i f i e d  S y s t e m s  A n a l y s i s  c o m p u t e r  m o d e l ,  
TENSAP2 w h e r e  t h e  c o n d e n s a t e  a s  a  g a s  and  " b l a c k  
o i l " .
F o r  e a c h  c o m p u t e d  p r e s s u r e  t r a v e r s e  (TENSAPC a n d  TENSAP2),  
t u b i n g  d i a m e t e r  ( t a p e r e d  s t r i n g ) ,  i n c l i n a t i o n  a n g l e ,  
a b s o l u t e  p i p e  r o u g h n e s s ,  a n d  t e m p e r a t u r e  was i n c l u d e d  i n  
t h e  c a l c u l a t i o n s  a s  a  f u n c t i o n  o f  d e p t h .  The r e s u l t s  o f  
t h e  a b o v e  h i s t o r y  m a t c h e s  w e r e  a n a l y z e d  a n d  c o m p a r e d .
7 . 1 . 4  S y s t e m s  A n a l y s i s  C u r v e s
A l l  e q u a t i o n s  f o r  c o m p u t i n g  t h e  i n f l o w  an d  o u t f l o w  
c u r v e s  w e r e  p r e s e n t e d  i n  c h a p t e r s  3 an d  6  r e s p e c t i v e l y .  I t  
was a s s u m e d  t h a t  t h e  f l o w i n g  f l u i d  i n  t h e  r e s e r v o i r  and  
p e r f o r a t i o n s  was o n l y  g a s  ( w e t  g a s )  an d  i f  a n y  l i q u i d  
( c o n d e n s a t e )  c o n d e n s e d  f ro m t h e  g a s ,  i t  r e m a i n e d  i n t a c t .  
H owe ve r ,  r e l a t i v e  p e r m e a b i l i t y  c u r v e s  ( F i g u r e  3 . x )  we r e  
u s e d  i n  t h e  c a l c u l a t i o n s  when e i t h e r  t h e  c o n d e n s a t e  s t a y e d
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o r  f l o w e d  i n  t h e  r e s e r v o i r .  The  i n f l o w  a n d  o u t f l o w  c u r v e s  
w e r e  p l o t t e d  a s  a  f u n c t i o n  o f  p r e s s u r e  a n d / o r  p r e s s u r e  d r o p  
v e r s u s  f l o w r a t e .  From t h i s  p l o t ,  t h e  op t i mum r a t e  c o u l d  be  
d e t e r m i n e d  f o r  t h e  t o t a l  p r o d u c t i o n  s y s t e m ,  t h u s  a l s o  
d e t e r m i n i n g  a  p o s s i b l e  c o m p l e t i o n  f o r  t h e  g a s - c o n d e n s a t e  
w e l l .
7 . 2  R e s u l t i n g  H i s t o r y  M a t c h e s
L o o k i n g  a t  t h e  p h a s e  e n v e l o p e  f o r  a  g a s - c o n d e n s a t e  
m i x t u r e  ( F i g u r e  4 . 2 ) ,  i t  c a n  be  shown t h a t  c o n d e n s a t i o n  may 
o c c u r  a n y w h e r e  i n  t h e  t u b i n g  s t r i n g  d e p e n d i n g  u p o n  t h e  
t e m p e r a t u r e  a n d  p r e s s u r e  a t  t h a t  s p e c i f i c  l o c a t i o n .
Ho we v e r ,  s o m e t i m e s  c o n d e n s a t i o n  may n o t  o c c u r  a n y w h e r e  i n  
t h e  t u b i n g  s t r i n g ,  an d  t h e  f l o w i n g  f l u i d  i s  a  s i n g l e - p h a s e  
g a s .  The  same i s  a l s o  t r u e  t h a t  t h e  m a j o r i t y  o f  t h e  
c o n d e n s a t i o n  may h a v e  o c c u r e d  a t  t h e  b o t t o m  o f  t h e  t u b i n g .  
R e g a r d l e s s ,  f l u i d  f l o w  f o r  a  g a s - c o n d e n s a t e  m i x t u r e  i s  
e i t h e r  t w o - p h a s e  o r  s i n g l e  p h a s e  when f l o w i n g  t h r o u g h  
v e r t i c a l  p i p e s .
Wel l  no .  2 was a  g a s - c o n d n e s a t e  w e l l  t h a t  e x h i b i t e d  
c o n d e n s a t i o n  t h r o u g h o u t  t h e  e n t i r e  l e n g t h  o f  t h e  t u b i n g  
s t r i n g .  T a b l e  7 . 3  shows  t h e  r e s u l t s  f r om  t h e  p r e s s u r e  
t r a v e r s e  p r e d i c t i o n s  f o r  a l l  t h e  w e l l s .  The p l o t s  f o r  e a c h  
p r e s s u r e  t r a v e r s e  f o r  w e l l  n o .  2 a r e  shown on p a g e s  153 - 
158 ( F i g u r e s  7 . 9  -  7 . 1 4 ) .  The  b e s t  h i s t o r y  m a t c h  was 
a c q u i r e d  by u s i n g  t h e  e q u a t i o n  o f  s t a t e  mode l  a n d  t h e  
H a g e d o r n  a nd  Brown c o r r e l a t i o n  ( p r e d i c t i o n s  w e r e  < 1%).
The H a g e d o r n  a n d  Brown c o r r e l a t i o n  g i v e s  good p r e d i c t i o n s  
when s l u g g i n g  o f  a  l i q u i d  o c c u r s  i n  t h e  p i p e .  B o t h  t h e  
Duns  a n d  Ros ,  a n d  O r k i s z e w s k i  c o r r e l a t i o n s  i n d i c a t e d  two 
f l o w  r e g i m e s  o c c u r r e d  ( s l u g  a n d  m i s t ) .  U s i n g  t h e  Duns a n d  
Ros  c o r r e l a t i o n  g a v e  h i g h e r  p r e d i c t i o n s  t h a n  e x p e c t e d  (% 2% 
-  10%).  T h i s  c a n  b e  a t t r i b u t e d  t o  a  c u m m u l a t i v e  e r r o r  i n  
t h e  p r e s s u r e  g r a d i e n t  p r e d i c t i o n .  By c a l c u l a t i n g  a n  
e r r o n e o u s  p r e s s u r e  g r a d i e n t  i n  t h e  s l u g  f l o w  r e g i m e ,  t h i s  
c a u s e d  a n o t h e r  e r r o n e o u s  p r e s s u r e  g r a d i e n t  t o  b e  c a l c u l a t e d
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i n  t h e  n e x t  f i n i t e  b l o c k .  A s u m m a t i o n  o f  a l l  t h e s e  e r r o r s  
c a n  be  q u i t e  h i g h .  The same s i t u a t i o n  o c c u r r e d  when u s i n g  
t h e  O r k i s z e w s k i  c o r r e l a t i o n ,  b u t  t h e  c u m m u l a t i v e  e r r o r  was 
n o t  q u i t e  a s  h i g h .  P r e d i c t i o n s  was i n  t h e  r a n g e  o f  1% -  
3%. E s t i m a t e s  by  t h e  G r a y  c o r r e l a t i o n  g a v e  b e t t e r  r e s u l t s  
( p r e d i c t i o n s  w e r e  < IX) t h a n  Duns a n d  Ro s ,  o r  O r k i s z e w s k i .  
The  m a i n  r e a s o n  f o r  t h i s  a g r e e m e n t  i s  t h e  G r a y  c o r r e l a t i o n  
g i v e s  b e t t e r  e s t i m a t e s  when t h e  m i s t  f l o w  r e g i m e  o c c u r r s ,  
a s  i n d i c a t e d  by  i t s  l o w e r  p r e d i c t i o n  f o r  t h e  f l o w i n g  
b o t t o m h o l e  p r e s s u r e .  B o t h  t h e  s i n g l e - p h a s e  f l o w  model  and  
t h e  t w o - p h a s e  f l o w  model  ( a s s u m i n g  t h e  c o n d e n s a t e  b e h a v e s  
a s  a  " b l a c k  o i l " )  g a v e  p r e d i c t i o n s  h i g h e r  t h a n  a c t u a l  
t r a v e r s e  v a l u e s .  T h e s e  p r e d i c t i o n s  r a n g e  f r o m , I X  -  2X 
( s i n g l e - p h a s e  f l o w  m o d e l )  a n d  IX -  6 X ( t w o - p h a s e  f l o w  
m o d e l ) .  The  s i n g l e - p h a s e  f l o w  model  a d j u s t m e n t  o f  t h e  g a s  
s p e c i f i c  g r a v i t y  was  t o o  h i g h  w h i l e  t h e  t w o - p h a s e  f l o w  
model  s p e c i f i e d  much more  s l u g g i n g  t h a n  a c t u a l l y  o c c u r r e d .
Wel l  n o .  4 ( p l o t s  o f  p r e s s u r e  t r a v e r s e s  shown on p a g e s  
165 -  1 70 ;  F i g u r e s  7 . 2 1  -  7 . 2 6 )  was a  g a s - c o n d e n s a t e  w e l l  
t h a t  f l o w e d  g a s  t h r o u g h o u t  t h e  e n t i r e  t u b i n g  s t r i n g .  Al l  
o f  t h e  m u l t i p h a s e  f l o w  c o r r e l a t i o n s  i n  t h e  e q u a t i o n  o f  
s t a t e  model  g a v e  t h e  same r e s u l t i n g  p r e s s u r e  t r a v e r s e s  
( p r e d i c t i o n s  < I X ) ,  b e c a u s e  e a c h  u s e d  t h e  same m e t h o d  f o r  
a p p r o x i m a t i n g  f l o w i n g  p r e s s u r e  g r a d i e n t s  f o r  a  s i n g l e - p h a s e  
g a s .  P r e d i c t i o n s  f o r  t h e  s i n g l e - p h a s e  f l o w  model  w e r e  
e r r o n e o u s  b e c a u s e  c o n d e n s a t e  was  a d d e d  i n t o  t h e  w e l l  f l u i d  
s t r e a m .  The  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  u s e d  i n  t h e  
s i n g l e - p h a s e  f l o w  model  c a n  p r e d i c t  f l o w i n g  p r e s s u r e  
g r a d i e n t s  f o r  w e l l s  e x h i b i t i n g  s i n g l e - p h a s e  g a s  f l o w ,  b u t  
i t s  o n l y  p r o b l e m  i s  d e t e r m i n i n g  when t h i s  d o e s  o c c u r .
T h u s ,  t h e  e q u a t i o n  o f  s t a t e  model  h a s  o n e  d i s t i n c t  
a d v a n t a g e  o v e r  t h e  s i n g l e - p h a s e  f l o w  m o d e l ,  i n  t h a t  i t  c a n  
d e t e r m i n e  when t o  c a l c u l a t e  t h e  f l o w i n g  f l u i d  g r a d i e n t  a s  a  
s i n g l e - p h a s e  g a s .  Howe v e r ,  e v e n  by a d d i n g  c o n d e n s a t e  i n  
t h e  w e l l  f l u i d  s t r e a m ,  t h e  p r e d i c t i o n s  w e r e  < IX,  w h i c h  i s  
a  good  e s t i m a t e .  From t h e  r e s u l t s  o f  t h e  e q u a t i o n  o f  s t a t e
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m o d e l ,  t h e  t w o - p h a s e  f l o w  model  w i l l  g i v e  a n  e r r o n e o u s  
p r e s s u r e  t r a v e r s e  b e c a u s e  i t  w i l l  p r e d i c t  s l u g g i n g  
t h r o u g h o u t  t h e  t u b i n g  s t r i n g .  P r e d i c t i o n s  w e r e  on  t h e  
o r d e r  o f  1% -  4%.
L o o k i n g  a t  t h e  r e s u l t s  f o r  w e l l  n o .  6  ( p l o t s  on  p a g e s  
177 -  1 82 ;  F i g u r e s  7 . 3 3  -  7 . 3 8 ) ,  i t  i s  shown t h a t  t h e  Gr ay  
c o r r e l a t i o n  g i v e s  t h e  b e s t  p r e d i c t i o n  f o r  t h e  w e l l ’ s 
p r e s s u r e  t r a v e r s e  w i t h  d e p t h .  As m e n t i o n e d  b e f o r e  G r a y ’ s 
c o r r e l a t i o n  i s  b e l i e v e d  t o  work  b e t t e r  i n  a  m i s t  f l o w  
e n v i r o n m e n t .  T h i s  i s  i n d i c a t e d  by  o b s e r v i n g  t h e  r e s u l t s  o f  
t h e  Duns  a n d  Ros ,  a n d  O r k i s z e w s k i  c o r r e l a t i o n s .  B o t h  
s t a t e s  t h a t  m i s t  f l o w  o c c u r r s  t h r o u g h o u t  t h e  e n t i r e  l e n g t h  
o f  t h e  t u b i n g .  Q u i t e  o f t e n  i n  m i s t  f l o w ,  t h e  a m o u n t  o f  
l i q u i d  i s  s o  s m a l l  t h a t  i t  s u f f i c e s  t o  a s s u m e  g a s  o n l y  i s  
f l o w i n g .  T h e r e f o r e ,  c o n d e n s a t i o n  c a n  o c c u r  a n y w h e r e  i n  t h e  
t u b i n g  s t r i n g .  O r k i s z e w s k i  u s e d  t h e  same me t hod  a s  Duns 
a n d  Ros f o r  p r e d i c t i n g  f l o w i n g  p r e s s u r e  g r a d i e n t s  i n  t h e  
m i s t  f l o w  r e g i m e ,  e x p l a i n i n g  why t h e  r e s u l t i n g  p r e s s u r e  
t r a v e r s e s  a r e  s i m i l a r .  O v e r a l l ,  a l l  t h r e e  c a s e s  had  
p r e d i c t i o n s  l e s s  t h a n  1%, b u t  t h e  G r a y  c o r r e l a t i o n  
r e s u l t i n g  p r e s s u r e  t r a v e r s e  was t h e  b e s t .  When t h e  
H a g e d o r n  a n d  Brown c o r r e l a t i o n  was u s e d  i n  t h e  e q u a t i o n  o f  
s t a t e  m o d e l ,  i t s  r e s u l t i n g  p r e s s u r e  t r a v e r s e  s howed  t h e  
p r e s e n c e  o f  more  l i q u i d  i n  t h e  t u b i n g  s t r i n g  t h a t  r e a l l y  
e x i s t e d .  T h i s  i s  e x p e c t e d  b e c a u s e  a s  m e n t i o n e d  e a r l i e r ,  
t h e  H a g e d o r n  a n d  Brown c o r r e l a t i o n  w o r k s  b e t t e r  i n  s l u g g i n g  
e n v i r o n m e n t s .  Even  w i t h  t h e  a d d i t i o n a l  l i q u i d ,  p r e d i t i o n s  
r a n g e d  f r o m  1% -  2 % .  The s i n g l e - p h a s e  f l o w  model  g a v e  a n  
o v e r p r e d i c t i o n  o f  t h e  r e s u l t i n g  p r e s s u r e  t r a v e r s e  b e c a u s e  
t h e  s p e c i f i c  g r a v i t y  o f  t h e  g a s  was o v e r a d j u s t e d .  
P r e d i c t i o n s  w e r e  a l s o  on t h e  o r d e r  o f  IX -  2%. The 
t w o - p h a s e  f l o w  model  p r e d i c t i o n s  w e r e  f r o m IX -  4X b e c a u s e  
a  g r e a t e r  s l u g g i n g  e n v i r o n m e n t  p r e v a i l e d  i n  t h e  
c a l c u l a t i o n s  t h a n  a c t u a l l y  e x i s t e d .
When w a t e r  i s  p r e s e n t  i n  t h e  f l o w i n g  l i q u i d  s t r e a m ,  
t h e  p r e d i c t i o n s  f o r  t h e  p r e s s u r e  t r a v e r s e  may n o t  b e h a v e  a s
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a  g a s  and  c o n d e n s a t e  s y s t e m .  Wel l  n o .  1 ( p l o t s  on p a g e s  
147 -  152;  F i g u r e s  7 . 3  -  7 . 8 )  i s  a  g a s - c o n d e n s a t e  w e l l  
p r o d u c i n g  a  l i t t l e  o v e r  5 b a r r e l s  o f  w a t e r  p e r  mmscf o f  
g a s .  From t h e  e q u a t i o n  o f  s t a t e  model  r e s u l t i n g  p r e s s u r e  
t r a v e r s e s ,  t h e  H a g e d o r n  a n d  Brown c o r r e l a t i o n ,  a s  e x p e c t e d ,  
p r e d i c t e d  t h e  p r e s s u r e  t r a v e r s e  v e r y  w e l l  ( p r e d i c t i o n s  <
1 %) b e c a u s e  o f  i t s  m o d e l i n g  o f  t h e  s l u g g i n g  e n v i r o n m e n t  
w i t h i n  t h e  t u b i n g  s t r i n g .  The  e q u a t i o n  o f  s t a t e  model  a l s o  
i n d i c a t e d  t h a t  no c o n d e n s a t i o n  o c c u r r e d  i n  t h e  t u b i n g  
s t r i n g  b u t  t h a t  some o f  t h e  w a t e r  d i d  v a p o r i z e .  T h e r e f o r e ,  
o n l y  w a t e r  a n d  g a s  f l o w e d  t h r o u g h o u t  t h e  t u b i n g  s t r i n g .
T h i s  b e i n g  t h e  c a s e ,  t h e  G r a y  c o r r e l a t i o n  p r e d i c t i o n  o f  t h e  
p r e s s u r e  t r a v e r s e  was a l s o  l e s s  t h a n  IX b e c a u s e  t h e  
c o r r e l a t i o n  i s  c a p a b l e  o f  a d j u s t i n g  t o  w a t e r  e n t e r i n g  t h e  
f l o w i n g  f l u i d  s t r e a m .  I t  s e e m s  f r om t h e  r e s u l t s  t h a t  t h e  
G r a y  c o r r e l a t i o n  c a n  show t h e  p r e s e n c e  o f  more  l i q u i d  when 
w a t e r  i s  f l o w i n g  i n  t h e  w e l l  f l u i d  s t r e a m .  The o t h e r  two 
c o r r e l a t i o n s  Duns a n d  Ros ( p r e d i c t i o n s  f r om  2% -  10%),  and  
O r k i s z e w s k i  ( p r e d i c t i o n s  f r o m  IX -  9X ) ,  showed  s u c h  p o o r  
r e s u l t s  b e c a u s e  o f  b o t h  c o r r e l a t i o n s  i n a b i l i t y  t o  h a n d l e  
t h e  s l u g g i n g  e n v i r o n m e n t  p r o p e r l y .  The  s i n g l e - p h a s e  f l o w  
model  ( p r e d i c t i o n s  f ro m IX -  3%) u n d e r p r e d i c t e d  t h e  
p r e s s u r e  t r a v e r s e  b e c a u s e  i t  c o u l d  n o t  a c c o u n t  f o r  t h e  
p r e s e n c e  o f  t h e  e x t r a  l i q u i d  ( w a t e r ) .  Howe ve r ,  t h e  
t w o - p h a s e  f l o w  model  p r e d i c t i o n  o f  t h e  p r e s s u r e  t r a v e r s e  
was l e s s  t h a n  IX b e c a u s e  i t  a c c o u n t e d  f o r  t h e  s l u g g i n g  
e n v i r o n m e n t  a n d  t h e  c o n d i t i o n s  e x i s t e d  t h a t  t h e  f l o w i n g  
p r e s s u r e  g r a d i e n t s  w e r e  c a l c u l a t e d  c o r r e c t l y  ( v e r y  good 
g u e s s ) .
Wel l  n o .  7 ( p l o t s  on p a g e s  183 -  188 ;  F i g u r e s  7 . 3 9  -  
7 . 4 4 )  i s  a l s o  a  g a s - c o n d e n s a t e - w a t e r  s y s t e m ,  w h e r e  
c o n d e n s a t i o n  d o e s  o c c u r  i n  t h e  t u b i n g  s t r i n g .  The e q u a t i o n  
o f  s t a t e  model  p r e d i c t s  t h a t  t h e  p r e s e n c e  o f  l i q u i d s  i n  t h e  
t u b i n g  i s  n o t  i n  g r e a t  a b u n d a n c e ,  a n d  a t  o n e  p o i n t  i n  t h e  
t u b i n g ,  a l l  o f  t h e  w a t e r  v a p o r i z e s .  The Duns  a n d  Ros 
c o r r e l a t i o n  i n d i c a t e d  t h a t  t h r e e  f l o w  r e g i m e s  ( s l u g .
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t r a n s i t i o n ,  a nd  m i s t )  o c c u r r e d  a l o n g  t h e  t u b i n g  s t r i n g .
I t s  a b i l i t y  t o  h a n d l e  a l l  t h r e e  o f  t h e s e  f l o w  r e g i m e s  
p r e d i c t e d  t h e  p r e s s u r e  t r a v e r s e  r e a s o n a b l y  w e l l  ( <  1 %).
The  O r k i s z e w s k i  c o r r e l a t i o n  a l s o  i n d i c a t e d  t h r e e  f l o w  
r e g i m e s  b u t  i t s  p r e d i c t i o n s  w e r e  a p p r o x i m a t e l y  2 % ,  t h e  
r e a s o n  b e i n g  t h a t  e n o u g h  l i q u i d  was n o t  a c c o u n t e d  f o r  when 
s l u g g i n g  o c c u r r e d  i n  t h e  t u b i n g .  As e x p e c t e d  t h e  H a g e d o r n  
a n d  Brown c o r r e l a t i o n  g a v e  o v e r p r e d i c t i o n s  (% 2%) b e c a u s e  
i t  i s  b e t t e r  f o r  s l u g g i n g  e n v i r o n m e n t s .  A l s o  t h e  G r ay  
c o r r e l a t i o n  g a v e  p r e d i c t i o n s  w i t h i n  a p p r o x i m a t e l y  2 %  
b e c a u s e  i t  g i v e s  b e t t e r  r e s u l t s  i n  m i s t  e n v i r o n m e n t s .  Wi t h  
t h e s e  p r e v a i l i n g  c o n d i t i o n s ,  t h e  s i n g l e - p h a s e  model  g a v e  
t h e  b e s t  p r e d i c t i o n  f o r  t h e  p r e s s u r e  t r a v e r s e  (< 1 %) b u t  
w a t e r  was n o t  a c c o u n t e d  f o r  i n  t h e  c a l c u l a t i o n s .  I f  w a t e r  
was a c c o u n t e d  f o r  t h e  p r e d i c t i o n s  may b e  h i g h e r  t h a n  
c o m p u t e d .  S i n c e  t h e  p r e s e n c e  o f  l i q u i d  was  n o t  a s  g r e a t ,  
t h e  t w o - p h a s e  f l o w  model  o v e r p r e d i c t i o n s  ( 4 %  -  5 % )  w e r e  
e x p e c t e d .
O v e r a l l  t h e  G r a y  c o r r e l a t i o n  g a v e  t h e  b e s t  r e s u l t s  f o r  
t h e  p r e d i c t i o n  o f  p r e s s u r e  t r a v e r s e s  f o r  g a s - c o n d e n s a t e  
w e l l s .  T h i s  i s  shown i n  T a b l e  7 . 3 .  Howe ve r ,  t h e  q u e s t i o n  
s t i l l  e x i s t  a s  t o  w h i c h  c o r r e l a t i o n  i s  s u p e r i o r .  T h i s  
s t u d y  showed t h a t  c e r t a i n  c o r r e l a t i o n s  a p p l y  u n d e r  c e r t a i n  
c o n d i t i o n s .  From t h e  s t u d y ,  t h e  f o l l o w i n g  r e c o m m e n d a t i o n s  
s h o u l d  be  a d h e r e d  t o .  F i r s t ,  f o r  a  d r y  g a s ,  a n y  o f  t h e  
m u l t i p h a s e  f l o w  c o r r e l a t i o n s  w i l l  g i v e  a c c e p t a b l e  p r e s s u r e  
t r a v e r s e s ,  b u t  t h e  C u l l e n d e r  an d  S m i t h  e q u a t i o n  i s  more  
a p p l i c a b l e  i n  t h i s  c a s e  o n c e  t h e  s p e c i f i c  g r a v i t y  i s  known 
( o b t a i n e d  f r om c o m p o s i t i o n a l  m o d e l ) .  F o r  a  v e r y  r i c h  gas  
( i . e . ,  low g a s / l i q u i d  r a t i o s  a r e  p r e s e n t  i n  t h e  t u b i n g  
s t r i n g )  w h e r e  s l u g g i n g  i s  more  p r e v a l e n t ,  a  c a t e g o r y  ( b )  
c o r r e l a t i o n  s u c h  a s  H a g e d o r n  a n d  Brown i s  p r e f e r r e d .  
F i n a l l y ,  f o r  a  l e a n  g a s  ( i . e . ,  h i g h  g a s / l i q u i d  r a t i o s  a r e  
p r e s e n t  i n  t h e  t u b i n g  s t r i n g )  w h e r e  m i s t  f l o w  i s  more  
p r e v a l e n t ,  a  c a t e g o r y  ( c ) .  Duns a n d  Ros ,  o r  Gr ay  
c o r r e l a t i o n  i s  r e c o m me n d e d .  No on e  c o r r e l a t i o n  c a n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-141-
t h e o r e t i c a 1 l y  g i v e  t h e  b e s t  p r e s s u r e  t r a v e r s e  f o r  a n y  o n e  
p a r t i c u l a r  w e l l ,  b u t  i f  t h e  f l o w i n g  e n v i r o n m e n t  w i t h i n  t h e  
t u b i n g  s t r i n g  i s  known,  o n e  c a n  b e  d e t e r m i n e d .
7 . 3  E v a l u a t i o n  o f  Wel l  No.  2 ( S y s t e m s  A n a l y s i s  A p p r o a c h )
The S y s t e m s  A n a l y s i s  p l o t s  f o r  w e l l  n o .  2 a r e  shown on 
p a g e s  189  -  193 ( F i g u r e s  7 . 4 5  -  7 . 4 9 ) .  The  i n f l o w  c u r v e  
f o r  t h i s  p a r t i c u l a r  w e l l  r e s e m b l e s  a n  i n f l o w  c u r v e  f o r  a  
s a t u r a t e d  o i l  r e s e r v o i r .  Howe v e r ,  t h i s  i s  a  r e t r o g r a d e  
c o n d e n s a t e  w e l l  w h e r e  c o n d e n s a t i o n  h a s  o c c u r r e d  w i t h i n  t h e  
w e l l b o r e .  T h u s ,  y o u  c a n  s a y  t h i s  i s  a  s a t u r a t e d  g a s  w e l l .
S i n c e  t h e  w e l l  h a s  a l r e a d y  b e e n  d e s i g n e d ,  d e s i g n  
c r i t e r i a  w i l l  b e  o m i t t e d  f r o m  t h i s  d i s c u s s i o n .  One t h i n g  
t h a t  s h o u l d  be  n o t e d  when o b s e r v i n g  t h e  S y s t e m s  A n a l y s i s  
c u r v e s  i s  t h e  e s t i m a t e d  f l o w  c a p a c i t y  o f  t h e  w e l l .  The 
m e a s u r e d  f l o w  c a p a c i t y  f o r  t h i s  w e l l  was 4 . 6  MMSCFD, w h i l e  
t h e  S y s t e m s  c u r v e s  p r e d i c t e d  t h e  f l o w  c a p a c i t y  t o  be  
a p p r o x i m a t e l y  4 . 5  MMSCFD ( F i g u r e  7 . 4 6 ) .  S i n c e  t h e  f l o w  
c a p a c i t i e s  a r e  n e a r l y  e q u a l ,  i t  i s  f e l t  t h a t  t h e  w e l l  i s  
n o t  s e v e r e l y  d a m a g e d .  T h e r e f o r e ,  by  u s i n g  t h e  c o r r e c t  
t u b i n g  c u r v e s ,  a n  e n g i n e e r  wo u l d  n o t  e r r o n e o u s l y  b e l i e v e  
t h e  w e l l  i s  d a m a g e d .
F o r  t h i s  w e l l ,  a  s e n s i t i v t y  a n a l y s i s  was r u n  t o  s e e  
t h e  numbe r  o f  p e r f o r a t i o n s  w h i c h  wo u l d  g i v e  t h e  o p t i mu m 
f l o w  r a t e .  I t  was  f o u n d  t h a t  no  more  t h a n  12 s h o t s  p e r  
f o o t  w e r e  r e q u i r e d  ( F i g u r e  7 . 4 9 ) .  When t h i s  w e l l  was f i r s t  
p u t  on  p r o d u c t i o n ,  i t ' s  p r o d u c i n g  r a t e  was  a p p r o x i m a t e l y  
9 - 1 0  MMSCFD. The  e n g i n e e r s ,  n o t  r e a l i z i n g  c o n d e n s a t i o n  
o c c u r r e d  i n  t h e  w e l l b o r e  by  p r o d u c i n g  t h e  w e l l  a t  i t ’ s  f u l l  
c a p a c i t y ,  damaged  i t  s e v e r e l y .  T h i s  damage  was  d u e  t o  t h e  
r e l a t i v e  p e r m e a b i l i t y  e f f e c t s  o f  l i q u i d  c o n d e n s a t i o n  i n  t h e  
r e s e r v o i r .  I t ’ s  f l o w  c a p a c i t y  was  r e d u c e d  by h a l f  i n  a  
p e r i o d  o f  s i x  m o n t h s .  Th u s  i f  t h e  i n f l o w  c u r v e s  was 
s e n s i t i z e d  by c h a n g i n g  t h e  s k i n  f a c t o r ,  t h i s  p r o b l e m  c o u l d  
h a v e  b e e n  a v o i d e d  by  f l o w i n g  t h e  w e l l  w i t h  a  r e a s o n a b l e
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r a t e  s c h e d u l e  a s  e s t i m a t e d  f r o m t h e  Sys t e ms .  A n a l y s i s  
c u r v e s .
T h i s  c o n c l u d e s  t h e  s t u d y ,  a n d  i t  c a n  be  s e e n  t h a t  
t h i s  i s  a  f a r  b e t t e r  i m p r o v e m e n t  f o r  d e s i g n i n g  a n d  
e v a l u a t i n g  g a s - c o n d e n s a t e  w e l l s .
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GAS-OIL WELL TUBING TEMPERATURE
OIL OIL MATER GAS GAS RATIO DEPTH DIA. DEGREES F
0 . STB/0 SO. STB/D MSCF/D SG. SCF/STB FT. IN . TOP EOT
1 149 .791 3 5 .0 6047 .6 0 9 40583 11857 2 .7 6 4 81 222
2 206 .784 0 .0 4600 .6 0 7 22530 11766 2 .4 4 1 102 205
3 114 .784 0 .0 2484 .607 21788 11766 2 .4 4 1 102 205
4 351 .7 9 9 0 .0 15715 .6 0 7 44810 11859 2 .9 9 2 82 219
5 302 .7 9 9 1 2 .6 14420 .6 1 6 47745 11834 2 .9 9 2 91 218
6 455 .800 0 .0 20394 .606 44783 11764 2 .9 9 2 80 219
7 260 .8 0 2 8 .0 13841 .6 1 8 53234 11816 2 .9 9 2 84 213
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COMPOSITIONAL DATA
MOLE PERCENT OF HYDROCARBON AND NON-HYDROCARBON COMPONENTS IN WELL EFFLUENT
0 . 002 H2S N2 Cl C2 C3 I-C 4 N-C4 I-C 5 N-C5 N-C6 C7*
I 0 .5 1 0 .0 0 0 .5 3 9 1 .8 8 3 .2 2 1 .1 8 0 .4 0 0 .3 9 0 .2 8 0 .2 0 0 .8 3 0 .5 8
2 0 .9 2 0 .0 0 0 .3 0 9 1 .1 6 2 .9 3 0 .6 9 0 .5 0 0 .5 3 0 .2 3 0 .1 9 0 .3 4 2 .2 0
3 0 .9 2 0 .0 0 0 .3 0 9 1 .1 6 2 .9 3 0 .6 9 0 .5 0 0 .5 3 0 .2 3 0 .1 9 0 .3 4 2 .2 0
4 0 .5 8 0 .0 0 0 .5 3 9 1 .6 3 3 .2 3 1 .1 8 0 .4 0 0 .3 9 0 .2 9 0 .2 2 0 .8 7 0 .6 7
5 0 .4 9 0 .0 0 0 .5 4 9 2 .4 0 3 .0 5 0 .9 4 0 .2 7 0 .2 5 0 .1 5 0 .1 1 0 .2 5 1 .5 6
6 0 .5 0 0 .0 0 0 .5 4 9 2 .1 6 3 .1 3 1 .0 9 0 .3 4 0 .3 3 0 .2 4 0 .1 6 0 .6 4 0 .8 5
7 0 .5 2 0 .0 0 0 .5 4 92 .51 2 .9 7 0 .9 2 0 .2 6 0 .2 4 0 .1 5 0 .1 2 0 .2 4 1 .5 3
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PRESSURE TRAVERSES AND ERRORS
CALCULATED PRESSURE TRAVERSE 
MEASURED SINGLE-PHASE "BLACK OIL"
PRESSURE CO#fOSIT%ONAL MODEL FLOW MODEL MODEL
TRAVERSE
NO. DEPTH PRESS PRESS PRESS ERROR* PRESS ERROR* PRESS ERROR* PRESS ERROR* PRESS ERROR*
I 118 <616 <627 0 .2 5 4 4621 0 .1 1 5 4621 0 .1 1 5 4622 0 .1 5 0 4619 0 .0 8 5 4621 0 .1 2 0
2000 <863 <979 2 .3 9 9 4870 0 .1 4 7 4872 0 .1 8 8 4912 1 .0 2 5 4848 0 .2 9 6 4874 0 .2 2 7
<000 5112 53<6 4 .6 1 1 5127 0 .2 9 1 5132 0 .3 8 5 5241 2 .5 2 3 5083 0 .5 7 2 5136 0 .4 7 9
5999 5383 5712 6 .1 0 5 5379 0 .0 6 7 5585 0 .0 4 4 5588 3 .8 0 7 5312 1 .3 1 9 5396 0 .2 3 8
7999 5622 6070 7 .9 6 0 5626 0 .0 7 8 5634 0 .2 0 8 5950 5 .8 3 6 5536 1 .5 2 6 5650 0.491
9985 5868 6411 9 .2 5 4 5864 0 .0 8 3 5869 0 .0 0 7 6512 7 .5 5 5 5755 1 .9 3 5 5893 0.411
11305 6050 6640 9 .7 4 6 6027 0 .3 9 3 6026 0 .3 9 1 6563 8 ,4 7 5 5898 2 .5 2 6 6056 0 .0 8 6
11857 6119 6738 1 0 .1 2 0 6097 0 .3 5 6 6094 0 .4 0 5 6672 9 .0 4 1 5957 2 .6 4 4 6126 0 .1 1 8
2 1087 2 932 3000 2 .2 9 7 2945 0 .4 4 4 2946 0 .4 7 8 2968 1 .2 1 8 2959 0 .9 0 3 2970 1 .2 8 6
2146 3032 3161 3 .9 4 7 5036 0 .1 4 0 3039 0 .2 3 8 3083 1 .6 8 0 3063 1 .0 5 5 3086 1 .7 7 9
5087 311< 3294 5 .7 7 7 3116 0 .0 6 2 3122 0 .2 3 4 3185 2 .2 6 0 3155 1.321 3188 2 .3 7 6
<087 3202 3458 7 .9 9 5 3201 0 .0 2 7 3209 0 .2 1 9 3294 2 .8 8 5 3252 1.571 3297 2 .9 6 5
5087 3293 5609 9 .6 0 8 3285 0 .2 1 7 3296 0 .1 0 2 3404 3 .3 8 2 3348 1.681 5405 3 .4 1 2
7010 3<65 3777 9 .0 0 8 3446 0 .5 7 1 3464 0 .0 4 3 3584 3 .4 3 0 3530 1 .8 7 8 5611 4 .2 1 2
8 898 3631 3943 8 .5 7 3 3604 0 .7 5 6 3630 0 .0 2 5 3743 3 .0 7 8 3708 2 .1 1 0 3814 5 .0 4 6
10803 3807 4111 7 .9 8 5 5764 1 .1 5 0 3801 0 .1 6 0 3905 2 .5 7 7 3889 2 .1 4 5 4021 5 .6 1 8
11766 389< 4197 7 .7 9 2 3845 1 .2 4 2 3889 0 .1 2 1 3988 2 .4 2 9 5981 2 .2 5 7 4126 5 .9 7 2
3 21<6 3755 4197 1 1 .7 8 1 3852 2 .6 0 3 3855 2 .6 6 8 3874 3 .1 7 8 3882 3 .3 8 7 3883 3 .4 1 4
<1<6 <D6< 4696 1 5 .5 5 0 4051 0 .3 2 2 4058 0 .1 4 7 4094 0 .7 4 5 4106 1 .0 2 9 4113 1 .204
6105 4261 5095 1 9 .5 7 1 4239 0 .5 1 2 4255 0 .1 5 2 4303 0 .9 8 2 4320 1 .3 7 4 4333 1 .6 8 7
8 010 « 4 2 5330 1 9 .9 8 2 4421 0 .4 6 2 4445 0 .0 7 0 4492 1 .1 1 8 4524 1 .8 3 7 4546 2 .5 4 8
9811 <634 5520 1 9 .1 2 8 4591 0 .9 3 6 4625 0 .1 9 6 4657 0 .4 9 8 4712 1 .6 9 2 4746 2 .4 1 5
11766 <839 5727 1 8 .3 4 7 4775 1 .3 3 4 4823 0 .3 2 9 4837 0 .0 5 3 4918 1 .6 3 0 4964 2 .5 7 4
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TABLE 7 .3  
CCONT*D)
PRESSURE TRAVERSES AND ERRORS
CALCULATED PRESSURE TRAVERSE 
MEASURED SINGLE-PHASE "BLACK OIL"
PRESSURE COMPOSITIONAL MODEL FLOW MODEL MODEL
TRAVERSE
WELL DUNROS GRAY HAGBR ORKIS CBS HAGBR
NO. DEPTH PRESS PRESS ERRORS PRESS ERROR% PRESS ERRORX PRESS ERROR% PRESS ERRORS PRESS ERROR%
152 <027 4028 0 .0 2 0 4028 0 .0 2 0 4028 0 .0 2 0 4028 0 .0 2 0 4029 0 .0 5 8 4031 0 .1 0 3
2152 4243 4248 0 .1 1 3 4248 0 .1 1 5 4248 0 .1 1 3 4248 0 .1 1 5 4266 0 .5 4 0 4294 1 .2 0 0
«152 4456 4458 0 .0 4 5 4458 0 .0 4 5 4458 0 .0 4 5 4458 0 .0 4 5 4491 0 .7 8 8 4547 2 .0 4  V
6152 4671 4667 0 .0 9 4 4667 0 .0 9 4 4667 0 .0 9 4 4667 0 .0 9 4 4715 0 .9 3 4 4801 2 .7 6 9
8152 4888 4876 0 .2 3 7 4876 0 .2 3 7 4876 0 .2 5 7 4876 0 .2 3 7 4939 1 .0 4 6 5054 3 .5 9 6
10006 5098 5070 0 .5 4 4 5070 0 .5 4 4 5070 0 .5 4 4 5070 0 .5 4 4 5148 0 .9 7 4 5288 3 .7 2 9
11695 5293 5254 0 .7 2 6 5254 0 .7 2 6 5254 0 .7 2 6 5254 0 .7 2 6 5340 0 .8 8 8 5507 4 .0 5 4
11859 5311 5272 0 .7 3 4 5272 0 .7 3 4 5272 0 .7 3 4 5272 0 .7 3 4 5358 0 .8 8 9 5529 4 .1 0 3
152 3247 5251 0 .1 2 5 3249 0 .0 5 1 3251 0 .1 4 4 3248 0 .0 3 2 3249 0 .0 7 9 3252 0 .1 5 4
8 118 4008 4169 4 .0 0 4 4045 0 .9 1 4 4175 4 .1 6 2 3987 0 .5 2 8 4083 1 .8 7 9 4220 5 .2 8 0
9980 4192 4552 3 .8 2 2 4220 0 .6 7 6 4375 4 .3 6 7 4144 1 .1 4 4 4272 1 .9 1 6 4439 5 .9 0 8
11670 4365 4519 3 .5 3 3 4386 0 .4 8 3 4558 4 .4 3 6 4307 1 .3 2 7 4444 1 .8 1 8 4644 6 .4 0 3
11834 4381 4536 3 .5 2 2 4402 0 .4 7 4 4576 4 .4 4 9 4323 1 .3 2 8 4461 1 .8 2 2 4664 6 .4 6 1
157 3878 3879 0 .0 2 3 3880 0 .0 5 9 3881 0 .0 7 1 5879 0 .0 2 3 3881 0 .0 7 8 3883 0 .1 1 8
2157 4118 4112 0 .1 2 8 4118 0 .0 0 4 4136 0 .4 3 7 4112 0 .1 2 8 4141 0 .5 5 9 4163 1 .1 0 0
4157 4341 4339 0 .0 4 6 4348 0 .1 6 4 4384 0 .9 8 5 4339 0 .0 4 6 4389 1 .1 0 3 4454 2 .1 5 6
6157 4573 4565 0 .1 6 8 4577 0 .0 9 4 4631 1 .2 7 9 4565 0 .1 6 8 4636 1 .3 8 8 4706 2 .9 2 3
8157 4805 4792 0 .2 7 7 4806 0 .0 1 4 4880 1 .5 4 9 4792 0 .2 7 7 4885 1 .6 5 3 4977 3 .5 8 3
9987 5027 5000 0 .5 3 9 5017 0 .2 0 4 5108 1 .6 1 8 5000 0 .5 3 9 5113 1 .7 1 4 5225 3 .9 3 3
11426 5208 5179 0 .5 5 6 5197 0 .2 1 5 5303 1 .8 2 7 5179 0 .5 5 6 5294 1 .6 5 2 5454 4 .3 2 6
11764 5256 5222 0 .6 5 0 5241 0 .2 9 3 5350 1 .7 8 5 5222 0 .6 5 0 5336 1 .5 2 4 5484 4 .3 3 3
157 2828 2817 0 .3 9 3 2815 0 .4 8 0 2818 0 .3 5 0 2815 0 .4 5 8 2815 0 .4 3 6 2818 0 .3 5 0
8118 3584 3621 1 .0 5 0 5531 1 .4 6 2 3675 2 .5 3 4 3520 1 .7 6 9 3589 0 .1 4 2 3717 5 .7 1 3
10053 5764 3788 0 .6 5 0 3698 1 .741 3860 2 .5 6 4 5685 2 .0 8 7 3770 0 .1 7 2 3926 4 .3 1 9
11473 5912 3922 0 .2 5 2 3831 2 .0 7 4 4008 2 .4 4 2 5816 2 .4 5 5 3905 0 .1 8 0 4092 4 .5 8 0
11816 5950 3955 0 .1 3 1 3864 2 .1 7 3 4044 2 .3 7 5 3849 2 .5 5 3 3938 0 .3 0 0 4132 4 .6 1 4
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L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL, COMP. MODEL CSRK-DUNROS) 
LOCi BATON ROUGE 
OCSCi CAS-COND.-WATER
JAN. 31 . 1987 
F IL E : CASE 1
DAVID SUTTON
vMmnu earn
■e« t f .D  tCl#. 92C7S. ic r n n•n« %y.i
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FNR. «60S.0 F9I t. 1V6.00
Figure 7.3 - Pressure Traverse for Well No. 1 
(Compositional / Duns and Ros)
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L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
HELLt COKP. MODEL (SRH-CRATI 
LQCt BATON ROUGE 
OESCt CAS-COND.-WATER
JAN. 3 1 .  1987 
F ILE: CASE 1
DAVID SUTTON
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Figure 7.4 - Pressure Traverse for Well No. 1 
(Compositional / Gray )
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L S U  P E T .  E N G R -  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL: COHP. MODEL (SRK-HPCBRI
LOG I BATON ROUGE 
OESCi CAS-COND.-HATER
JAN. 3 1 .  1987 
FILE: CASE 1
DAVID SUTTON
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Figure 7.5 - Pressure Traverse for Well No. 1
(Compositional / Hagedorn and Brown)
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L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL: COMP. MODEL CSRK-ORKIS)
LOCi BATON ROUGE 
OESCi CAS-COND.-WATER
JAN. 31 .  1987 
F ILE: CASE 1
DAVID SUTTON
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Figure 7.6 - Pressure Traverse for Well No. 1 
(Compositional / Orkiszewski)
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L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL, CULLENDER SMITH MODEL 
tO C i BATON ROUGE 
DESCt CRS-COND.-HATER
JAN. 31 . 1967 
F ILE ,  CASE 1 
DAVID SUTTON
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Figure 7.7 - Pressure Traverse for Well No. 1
(Single-Phase Model / Cullender and Smith)
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L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL# BLACK O IL MODEL (HACBRI 
LOCi  b a to n  FlOUGE 
OESCi  CAS-COND.-WATER
JAN. 3 1 . 1967 
F IL E , CASE 1 
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Figure 7.8 - Pressure Traverse for Well No. 1
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.9 - Pressure Traverse for Well No. 2 
(Compositional / Duns and Ros)
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Figure 7.10 - Pressure Traverse for Well No. 2 
(Compositional / Gray)
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Figure 7.11 - Pressure Traverse for Well No. 2
(Compositional / Hagedorn and Brown)
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Figure 7.12 - Pressure Traverse for Well No. 2 
(Compositional / Orkiszewski)
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Figure 7.13 - Pressure Traverse for Well No. 2
(Single-Phase Model / Cullender and Smith)
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Figure 7.14 - Pressure Traverse for Well No. 2
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.15 - Pressure Traverse for Well No. 3 
(Compositional / Duns and Ros)
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Figure 7.16 - Pressure Traverse for Well No. 3 
(Compositional / Gray)
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Figure 7.17 - Pressure Traverse for Well No. 3
(Compositional / Hagedorn and Brown)
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Figure 7.18 - Pressure Traverse for Well No. 3 
(Compositional / Orkiszewski)
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Figure 7.19 - Pressure Traverse for Well No. 3
(Single-Phase / Cullender and Smith)
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Figure 7.20 - Pressure Traverse for Well No. 3
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.21 - Pressure Traverse for Well No. 4 
(Compositional / Duns and Ros)
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Figure 7.22 - Pressure Traverse for Well No. 4 
(Compositional / Gray)
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Figure 7.23 - Pressure Traverse for Well No. 4
(Compositional / Hagedorn and Brown)
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Figure 7.24 - Pressure Traverse for Well No. 4 
(Compositional / Orkiszewski)
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Figure 7.25 - Pressure Traverse for Well No. 4
(Single-Phase Model / Cullender and Smith)
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Figure 7.26 - Pressure Traverse for Well No. 4
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.27 - Pressure Traverse for Well No. 5 
(Compositional / Duns and Ros)
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Figure 7.28 - Pressure Traverse for Well No. 5 
(Compositional / Gray)
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Figure 7.29 - Pressure Traverse for Well No. 5
(Compositional / Hagedorn and Brown)
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Figure 7.30 - Pressure Traverse for Well Wo. 5 
(Compositional / Orkiszewski)
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Figure 7.31 - Pressure Traverse for Well No. 5
(Single-Phase Model / Cullender and Smith)
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Figure 7.32 - Pressure Traverse for Well No. 5
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.33 - Pressure Traverse for Well No. 6 
(Compositional / Duns and Ros)
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Figure 7.34 - Pressure Traverse for Well No. 6 
(Compositional / Gray)
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Figure 7.35 - Pressure Traverse for Well No. 6
(Compositional / Hagedorn and Brown)
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Figure 7.36 - Pressure Traverse for Well No. 6 
(Compositional / Orkiszewski)
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Figure 7.37 - Pressure Traverse for Well No. 6
(Single-Phase Model / Cullender and Smith)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-1 8 2 -
L S U  P E T .  E N G R .  COMPANY 
S Y S T E M S  A N A L Y S I S  PROGRAM
WELL, BLACK O IL MODEL IHACBR) 
IO C , BATON ROUGE 
OESCt GAS-COND.
FEB. 7 , 1987 
F IL E , CASE 6 
DAVID SUTTON
Ï — #.# «0.M « N.K I
i
\
s
ÿ
s. . \ s,
i
5, \
Î •
\
t
. \
\
\
i
ifMvfne i m i
1 M V IM K
■C » 0 . 0  t
U M  M 7 I 1 .  0 C f / 9 t liri* «s.,
IM T M  I . O N  
W W W # O .O N  ifH IIM1 n
two# lOTfS PT
t l M O C *  *  M f  IN 
t o  O .O O O tN  IN tWN" #0.0 KO 
TON. 9 3 ^ .0  oec 
NN. OMO.e N»l 
0. OK 00
Figure 7.38 - Pressure Traverse for Well No. 6
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.39 - Pressure Traverse for Well No. 7 
(Compositional / Duns and Ros)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
—184—
L S U  P E T .  E N G R .  COMP ANY 
S T S I E M S  R N R L Ï S 1 S  P ROGRAM
WELL, CONP, MODEL (SRK-CRRT) 
LOCi ORTON ROUGE 
DESCi CRS-COND.-MRTER
FED. 5 . 1987 
F IL E , CRSE 7 
DRV ID SUTTON
Figure 7.40 - Pressure Traverse for Well No. 7 
(Compositional / Gray)
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Figure 7.41 - Pressure Traverse for Well No. 7
(Compositional / Hagedorn and Brown)
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Figure 7.42 - Pressure Traverse for Well No. 7 
(Compositional / Orkiszewski)
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Figure 7.43 - Pressure Traverse for Well No. 7
(Single-Phase Model / Cullender and Smith)
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Figure 7.44 - Pressure Traverse for Well No. 7
("Black Oil" Model / Hagedorn and Brown)
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Figure 7.45 - Systems Analysis Curves for Well No. 2 
(Differential Plot)
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Figure 7.47 - Systems Analysis Curves for Well No. 2 
(Nodal Plot)
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Figure 7.49 - Systems Analysis Curves for Well No, 2 
(Sensitivity Plot)
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CHAPTER V I I I  
C o n c u l s i o n s  a n d  R e c o m m e n d a t i o n s
B a s e d  on t h e  r e s u l t s  o f  t h i s  s t u d y ,  t h e  f o l l o w i n g  
c o n c l u s i o n s  c a n  b e  made.
1.  U s i n g  a n  e q u a t i o n  o f  s t a t e ,  i . e  c o m p o s i t i o n a l  
m o d e l ,  f o r  c o m p u t i n g  t h e  PVT p r o p e r t i e s  o f  a  
g a s - c o n d e n s a t e  f l u i d  a n d  t h e  m u l t i p h a s e  f l o w  
c o r r e l a t i o n s  f o r  c a l c u l a t i n g  t h e  f l o w i n g  p r e s s u r e  
g r a d i e n t s ,  a n  a c c u r a t e  d e t e r m i n a t i o n  o f  p r e s s u r e  
t r a v e r s e s  w i t h  d e p t h  c a n  b e  made.
2 .  Wi t h  t h e s e  a c c u r a t e  p r e s s u r e  t r a v e r s e s  f o r  
g a s - c o n d e n s a t e  w e l l s ,  b e t t e r  e s t i m a t e s  f o r  t h e  
w e l l s ’ o u t f l o w  c u r v e s  c a n  be made.  T h e s e  o u t f l o w  
c u r v e s  a r e  u s e d  f o r  t h e  d e s i g n  a n d  e v a l u a t i o n  of  
g a s - c o n d e n s a t e  w e l l s  u s i n g  t h e  S y s t e m s  A n a l y s i s  
a p p r o a c h .  T h e r e f o r e ,  t h e  mos t  op t i mum c o m p l e t i o n  
f o r  a  g a s - c o n d e n s a t e  w e l l  c a n  now be  o b t a i n e d .
3 .  O v e r a l l  t h e  G r ay  c o r r e l a t i o n  ( h y b r i d  f o r m )  g a v e  t h e  
b e s t  p r e d i c t i o n s  f o r  t h e  p r e s s u r e  l o s s e s  a s s o c i a t e d  
w i t h  g a s - c o n d e n s a t e  f l u i d s  f l o w i n g  i n  v e r t i c a l  
p i p e s .  So,  i f  t h e  c o m p o s i t i o n  o f  t h e  
g a s - c o n d e n s a t e  f l u i d  i s  known w h i l e  a l s o  k n o w i n g  a t  
l e a s t  t h e  w e l l h e a d  p r e s s u r e ,  t h e n  i t  i s  
a d v a n t a g e o u s  t o  u s e  t h e  t h i s  c o r r e l a t i o n  when 
t r y i n g  t o  e s t i m a t e  t h e  f l o w i n g  b o t t o m h o l e  p r e s s u r e .
A d d i t i o n a l  i m p r o v e m e n t s  c o u l d  be  made on t h i s  p r o p o s e d  
t e c h n i q u e .  T h e s e  i m p r o v e m e n t s  a r e :
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1.  Mo d i f y  t h e  c o m p u t e r  p r o g r a m  t o  c a l c u l a t e  t h e  
h o r i z o n t a l  p r e s s u r e  l o s s e s  e n r o u t e  t o  t h e  
s e p e r a t o r .  By d o i n g  t h i s ,  t h e  common p r e s s u r e  n o d e  
i n  t h e  p r o d u c t i o n  s y s t e m  c a n  be  moved t o  t h e  
s u r f a c e  ( w e l l h e a d  p r e s s u r e ) .
2 .  A c c o u n t  f o r  p r e s s u r e  l o s s e s  a s s o c i a t e d  w i t h  f l o w  
r e s t r i c i t o n s  a n d  c h o k e s .
3 .  C o u p l e  t h e  p r e s s u r e  l o s s e s  e q u a t i o n  w i t h  t h e  h e a t  
l o s s  e q u a t i o n .  Even  t h o u g h  t h e  f l o w i n g  t e m p e r a t u r e  
t r a v e r s e  i s  n e a r l y  l i n e a r ,  t h e r e  i s  a  d i s c r e p a n c y  
when t h e  f o r m a t i o n  f l u i d s  e n t e r  t h e  w e l l b o r e .  The 
f l o w i n g  b o t t o m h o l e  t e m p e r a t u r e  i s  g r e a t e r  t h a n  t h e  
e x p e c t e d  t e m p e r a t u r e  f ro m  t h e  l i n e a r  r e l a t i o n s h i p  
b e t w e e n  s u r f a c e  a n d  b o t t o m h o l e  s t a t i c  t e m p e r a t u r e s ,  
i . e  s t a t i c  g e o t h e r m a l  g r a d i e n t .
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APPENDIX A
S o l v i n g  t h e  SRK a n d  PR E q u a t i o n s  o f  S t a t e
When s o l v i n g  t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e ,  
e s t i m a t e s  o f  t h e  f u g a c i t i e s ,  f u g a c i t y  c o e f f i c i e n t s ,  a n d  
e q u i l i b r i u m  r a t i o s  a r e  o b t a i n e d .  T h e s e  e q u a t i o n s  a r e  
u s u a l l y  s o l v e d  b y  a  t r i a l  a n d  e r r o r  t e c h n i q u e  known a s  t h e  
m e t h o d  o f  s u c c e s s i v e  s u b s t i t u t i o n .  Howe v e r ,  l a t e l y  mor e  
r e s e a r c h e r s  a r e  s o l v i n g  t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e  
a n a l y t i c a l l y .  T h i s  i s  d o n e  b y  s o l v i n g  a  s y s t e m  o f  
n o n - l i n e a r  e q u a t i o n s  i t e r a t i v e l y .  The n o n - l i n e a r  e q u a t i o n s  
a r e  made up  o f  p a r a m e t e r s  f r o m  t h e  e q u a t i o n s  o f  s t a t e .
B e f o r e  a n y  e q u a t i o n  o f  s t a t e  c a n  be  s o l v e d ,  t h e  
m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  ( a ) ,  t h e  m o l e c u l a r  r e p u l s i o n  
p a r a m e t e r  ( b ) ,  a n d  t h e  c o m p r e s s i b i l i t y  f a c t o r  ( z )  f o r  e a c h  
p h a s e  a r e  c a l c u l a t e d  f i r s t .  As m e n t i o n e d  b e f o r e ,  
p a r a m e t e r s  ” a ” a n d  **b" a r e  c a l c u l a t e d  f r o m  c o m p o n e n t  
p a r a m e t e r s  u s i n g  t h e  f o l l o w i n g  m i x i n g  r u l e s :
a  = f  f  X i X j S i j
b = x ^ b j
E q u a t i o n s  f o r  o n e  o r  t w o - c o m p o n e n t  p a r a m e t e r s  " a j j "
" b j "  a r e  d i c u s s e d  i n  c h a p t e r  4 .  The  a b o v e  m i x i n g  r u l e s  a r e
e a s y  t o  u n d e r s t a n d  when w r i t t e n  i n  m a t r i x  n o t a t i o n .
Howe ve r ,  t h e  b i n a r i e s  f o r  t h e  m o l e c u l a r  a t t r a c t i o n  
p a r a m e t e r  ( a ^ j )  a n d  t h e  b i n a r y  i n t e r a c t i o n  c o e f f i c i e n t
( Sj j > b e t w e e n  i n d i v i d u a l  c o m p o n e n t s  m u s t  b e  s t a t e d .  The
m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  f o r  e a c h  b i n a r y  i s  l i s t e d  i n  
t h e  f o l l o w i n g  m a t r i x  n o t a t i o n  a s :
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a ^ 2 « 1 3  • ■ ■ • « i j
» 2 1 ® 2 2 «23  • ' ■ • « 2 j
®3i ®32 «33  ■ • • ■ « 3 j
• • • • •
& i l ® i 2 « i 3  ■ • ■ * « i j
w h i l e  t h e  m a t r i x  n o t a t i o n  
c o e f f i c i e n t  i s  l i s t e d  a s :
f o r  t h e  b i n a r y
« 1 1 % 2 h a  ’ ' '  '  ^ I j
h i h z h a  • ' ' ■
h i h z % 3  ■ • • • h i
h i h z h a  ’ ' • ■ ^ i j
Knowing t h e  a b o v e  n o t a t i o n s  f o r  t h e  " a ^ j ” a n d  " S j j ” , t h e n  
t h e  m a t r i x  n o t a t i o n  f o r  t h e  m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r  
o f  a  m i x t u r e  i s
x i * ! * ! !  X i Xg a i g  X i Xg a i g
X 2 X 1 & 2 1  X 2 X 2 & 2 2  X 2 % 3 a 2 3
X3X1&31 X3X2B32 %3X3a33
X i X i ^ i i XiX2 * i 2 X i X s a i 3
X l X j a i j
X2 Xj * 2 j
X3Xj83j
X i * j * i j
The m a t r i x  n o t a t i o n  f o r  t h e  m o l e c u l a r  r e p u l s i o n  p a r a m e t e r  
o f  a  m i x t u r e  i s  a  l i t t l e  e a s i e r  s i n c e  i t  i s  a  
o n e - d i m e n s i o n a l  m a t r i x .  The n o t a t i o n  i s  g i v e n  a s
X i b i  X2 b 2  *3^ 3 X i b i
A f t e r  u s i n g  t h e  m i x i n g  r u l e s  t o  c a l c u l a t e  t h e  
p a r a m e t e r s  " a "  a n d  " b " ,  t h e  p a r a m e t e r s  A a n d  B, d i s c c u s s e d  
i n  c h a p t e r  4,  a r e  t h e n  c o m p u t e d  a t  t h e  p r e s s u r e  a n d  
t e m p e r a t u r e  o f  i n t e r e s t .  Wi t h  t h e s e  p a r a m e t e r s ,  t h e  c u b i c  
f o r m o f  t h e  SRK o r  PR e q u a t i o n  i s  s o l v e d  f o r  i t s  r o o t s .
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The c u b i c  f o r m s  f o r  b o t h  t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e  
a r e  shown i n  c h a p t e r  4 .  As s t a t e d  b e f o r e ,  t h e  l a r g e s t  
p o s i t i v e  r o o t  i s  t h e  c o m p r e s s i b i l i t y  f a c t o r  when 
c a l c u l a t i o n s  a r e  b e i n g  made f o r  a  v a p o r  p h a s e .  However ,  
when c a l c u l a t i o n s  a r e  b e i n g  made on a  l i q u i d  p h a s e ,  t h e  
s m a l l e s t  p o s i t i v e  r o o t  i s  t h e  c o m p r e s s i b l i t y  f a c t o r .
When d e t e r m i n i n g  t h e  m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r ,  
t h e  m o l e c u l a r  r e p u l s i o n  p a r a m e t e r ,  a nd  t h e  c o m p r e s s i b i l i t y  
f o r  e a c h  c o r r e s p o n d i n g  p h a s e  a t  t h e  g i v e n  p r e s s u r e  an d  
t e m p e r a t u r e  o f  i n t e r e s t ,  t h e  SRK o r  PR e q u a t i o n  o f  s t a t e  
maybe s o l v e d .  In  t h i s  c a s e ,  t h e  t r i a l  a n d  e r r o r  t e c h n i q u e  
known a s  t h e  m e t h o d  o f  s u c c e s s i v e  s u b s t i t u t i o n  i s  commonly 
u s e d .  F i r s t  t h e  m i x t u r e  i s  f l a s h e d  w i t h  e s t i m a t e d  
K - v a l u e s .  The K - v a l u e s  c a n  be  e s t i m a t e d  w i t h  t h e  f o l l o w i n g  
e q u a t i o n  :
e x p [ 5 . 3 7 ( l  + W i  ) ( i - 1 / T j . i  ) 3
K _ ---------------------    ( A . i )
 ^ *^ r 1
w h e r e
K^ = e s t i m a t e d  K - v a l u e  f o r  c o m p o n e n t  i
(J. = a c e n t r i c  f a c t o r  f o r  c o m p o ne n t  i  ( d ’ l e s s )
Tpj  = r e d u c e d  t e r o e p e r a t u r e  f o r  c o m p o n e n t  i  ( T / T ^ j )
T = a b s o l u t e  t e m p e r a t u r e  ( ^ )
Tqj  = c r i t i c a l  t e m p e r a t u r e  f o r  c o m p o n e n t  i ( 9<)
Pj . j  = r e d u c e d  p r e s s u r e  f o r  c o m p o n e n t  i  ( P / P ^ . j )
P = a b s o l u t e  p r e s s u r e  ( a t m )
Pg^ = c r i t i c a l  p r e s s u r e  f c r  c o m p o n e n t  i ( a t m )
When f l a s h i n g  t h e  m i x t u r e ,  t h e  a mo u n t  o f  l i q u i d  w i t h  
r e s p e c t  t o  v a p o r  i n  e q u i l i b r i u m  i s  d e t e r m i n e d .  T h i s  i s  
c o m p u t e d  u s i n g  e i t h e r  e q u a t i o n  shown b e l o w :
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TIq 2  j (K j - 1  )
l + V C K j - l )  " ® = 1-V)  ( A . 2)
o r
tIq Z j C l / K i - l )
l + L d / K j - l )  " ® CA.3)
w h e r e
L = f r a c t i o n  o f  l i q u i d  I n  m i x t u r e  ( c o m p u t e d  on a  1 
mo l e  b a s i s )
V = f r a c t i o n  o f  v a p o r  i n  m i x t u r e  ( c o m p u t e d  on a  1 
mo l e  b a s i s )
Zj = mo l e  f r a c t i o n  o f  c o m p o n e n t  i n  m i x t u r e
Kj  ^ = e q u i l i b r i u m  r a t i o  o f  c o m p o n e n t
T h u s ,  kn o w i n g  t h e  f r a c t i o n  o f  v a p o r  w i t h  r e s p e c t  t o  l i q u i d  
i n  t h e  m i x t u r e ,  t h e  c o m p o s i t i o n s  f o r  b o t h  t h e  v a p o r  and  
l i q u i d  c a n  be  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n s :
^ i  l + V ( K i - l )
^ i  l + V i K j - l )  ( A . 5)
o r
" c  Z f / K i
* i  == i + L d / K j - l ) ( A . 6 )
" c  Zi
y i  = i + L d / K j - l )  ( A . 7)
W i t h  some k n o w l e d g e  a b o u t  t h e  c o m p o s i t i o n  o f  t h e  v a p o r  and  
l i q u i d  i n  t h e  m i x t u r e ,  t h e  m o l e c u l a r  a t t r a c t i o n  p a r a m e t e r ,  
m o l e c u l a r  r e p u l s i o n  p a r a m e t e r ,  a n d  c o m p r e s s i b i l i t y  f a c t o r  
f o r  e a c h  o f  t h e  c o r r e s p o n d i n g  p h a s e s  w h i c h  w e r e  d i s c u s s e d  
e a r l i e r  a r e  c a l c u l a t e d .  W i t h  t h e s e  p a r a m e t e r s ,  t h e  
f u g a c i t i e s ,  f u g a c i t y  c o e f f i c i e n t s ,  a n d  e q u i l i b r i u m  r a t i o s  
f o r  e a c h  c o m p o n e n t  i n  t h e i r  c o r r e s p o n d i n g  p h a s e  a r e
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c o m p u t e d .  The  e q u a t i o n s  u s e d  i n  c o m p u t i n g  t h e  f u g a c i t y  
c o e f f i c e n t s  f o r  b o t h  t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e  a r e  
shown i n  c h a p t e r  A .  F u g a c i t i e s  a n d  e q u i l i b r i u m  r a t i o s  a r e  
c a i c u a l t e d  f r om  t h e  v a l u e s  o f  t h e  f u g a c i t y  c o e f f i c i e n t s .  
E q u a t i o n  f o r  c o m p u t i n g  t h e  f u g a c i t i e s  a r e  g i v e n  a s :
f f  = ( A . 8 )
w h e r e
f ^  = f u g a c i t y  o f  c o m p o n e n t  i i n  c o r r e s p o n d i n g  p h a s e
= f u g a c i t y  c o e f f i c i e n t  o f  c o m p o n e n t  i  i n
c o r r e s p o n d i n g  p h a s e  ( a t m ~ ^ )
= mo l e  f r a c t i o n  o f  c o m p o n e n t  i  i n  c o r r e s p o n d i n g  
p h a s e
P = a b s o l u t e  p r e s s u r e ,  a t m
The e q u i l i b r i u m  r a t i o  i s  s i m p l y  a  r a t i o  o f  t h e  f u g a c i t y  
c o e f f i c i e n t  i n  t h e  l i q u i d  p h a s e  t o  t h e  f u g a c i t y  c o e f f i c i e n t  
i n  t h e  v a p o r  p h a s e ,  a s  s t a t e d  i n  c h a p t e r  4 .  N ex t  t h e  
f u g a c i t i e s  a r e  u s e d  t o  s e e  i f  e q u i l i b r i u m  h a s  b e e n  r e a c h e d .  
The f o l l o w i n g  s u m m a t i o n  i s  u s e d  a s  a  c o n v e r g e n c e  i n d i c a t o r :
n.  .
-  fY)  = E ( A . 9)
w h e r e
f ^  = f u g a c i t y  o f  c o m p o n e n t  i i n  l i q u i d  p h a s e
fV = f u g a c i t y  o f  c o m p o n e n t  i i n  v a p o r  p h a s e
e = e r r o r  t e r m  ( i  i ~ ^ )
I f  c o n v e r g e n c e  i s  n o t  o b t a i n e d ,  t h e  w h o l e  p r o c e s s  i s  
r e p e a t e d  u s i n g  t h e  new e s t i m a t e s  f o r  K - v a l u e s  when 
r e f l a s h i n g  t h e  m i x t u r e .  H o w e v e r ,  i f  c o n v e r g e n c e  i s  
o b t a i n e d ,  t h e  m i x t u r e  i s  s t i l l  r e f l a s h e d  t o  o b t a i n  t h e  
t r u e  c o m p o s i t i o n s  o f  b o t h  t h e  v a p o r  a n d  l i q u i d  u s i n g  t h e  
c o m p u t e d  K - v a l u e s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-206-
The  a b o v e  t r i a l  a n d  e r r o r  t e c h n i q u e  i s  r a t h e r  
e f f e c t i v e  b u t  i s  s o m e t i m e s  i n e f f e c t i v e  when c o n v e r g e n c e  i s  
s o u g h t  f o r  a  m i x t u r e  n e a r  t h e  c r i t i c a l  p o i n t .  T h u s  more  
r e s e a r c h e r s  f e e l  t h a t  s o l v i n g  t h e  e q u a t i o n s  o f  s t a t e  a s  a  
s y s t e m  o f  n o n - l i n e a r  e q u a t i o n s  i s  t h e  more  e f f e c t i v e  way t o  
o v e r c o m e  t h i s  p r o b l e m .  The  s y s t e m  o f  n o n - l i n e a r  e q u a t i o n s  
i s  made up  o f  t h e  p a r a m e t e r s  w i t h i n  t h e  e q u a t i o n s  o f  s t a t e .  
B e f o r e  t h e  s y s t e m  o f  n o n - l i n e a r  e q u a t i o n s  i s  s p e c i f i e d ,  
some t e r m s  c o n c e r n i n g  t h e s e  e q u a t i o n s  n e e d  t o  be  d e f i n e d .  
F i r s t  t h e  f u g a c i t i e s  a r e  r e w r i t t e n  i n  t h e  f o r m o f :
f i L  = X i ^ i L
fiV " ^i^iV 11)
w h e r e
SRK:
C.-, = -  ------------- —      (A. 12)
( 2 , -B,  ) (1 + B, / z ,  ) " i
P e x p ( b i L ( z L " l )
P e x p ( b j y ( z y - i )  
■\/"B\/) ( 1+By/ Zy-
C, w = -  ------------------------------- r ----  ( A . 13)
IV ( Zw - w ) „ w ) ” i
" i  = Bl  ( Z s ^ L ' b i L )  (A. 14)
Wj = ( Z a i L ' b i L )  ( A . 15)
PR:
P e x p C b . - 1 ( Z j  - 1 )
C i L  = ------------------ _ ^ _ -  (A. 16)
(=L
[ Z L + 2 . 4 1 4 B L  l " i
■ B l >  [  Z l - 0 . 4 1 4 B l  J
P e X p t b j y ( Z y - l )
(z .
[ z v + 2 . 4 1 4 B v  ] ” i
- V " ® V )  [ z v - 0 . 4 1 4 B v  J
2 v / f l ^
Al
" i  =   ( Z a i L - b i L )  (A.  18)
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° ' 2 V ? '  < 2 a i v - b i „ )  (A. 19)
The r e m a i n i n g  t e r m s  a p p l y i n g  t o  b o t h  e q u a t i o n s  o f  
s t a t e  a r e  d e f i n e d  a s :
b^j^ — b^/bj^  ( A . 20)
^ iV ” b ^ / b ^  (A*21)
4 L
4 v
* j * j i
X j S j i
( A . 22)
( A . 23)
N e x t  t h e  d i f f e r e n c e  b e t w e e n  t h e  l i q u i d  an d  v a p o r  f u g a c i t i e s  
a r e  d e n o t e d  i n  t h e  f o l l o w i n g  m a n n e r :
^ i  = f i L ' f i V  
“ XjCiL~yi<^iV
( Z j _ V y j )  ( z j _ L x j )
= [  *CjL, “ V "CiV ( A . 24)
T h i s  i s  known a s  t h e  e r r o r  e q u a t i o n ,  w h i c h  r e p r e s e n t s  t h e  
r e s i d u a l  o f  t h e  t h e r m o d y n a m i c  p h a s e  e q u i l i b r i a  e q u a t i o n  
( f j L , = f i v ^ ‘ Wi t h  t h e  a b o v e  i n f o r m a t i o n  t h e  e l e m e n t s  o r
t e r m s  d e s c r i b i n g  t h e  j a c o b i a n  m a t r i x  a r e  d e f i n e d  a s :
f f  r ( Z j - V y j )  ( Z j - L x j )
a /  -  a /  L L "CiL
X i C i L  ( Z i - L x j l C i v
" C i v ]
L " v%
XiCiL ( Z i - L x j )  XjCjL
L -  V2 Xi
X i C i L  ( Z j - L x j )  XjVCiL
L y 2  ( Z j - L x j )
( X j / V  — y ^ / D C j ] ^  (A*25)
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9  [  ( Z i - V y i ) C i L  1
_  1^  _  X i C i v J
= - ( V / L ) C i L  -  C jv  ( A . 26 )
a  f (Zi“Vyi>CjL (Zi-LXi>Civ 1
H  = ~3L  L L V J
( 2 i - V y £ ) C j L  X i C i v
  +   TÏ------l 2
( Z j - V y ^ )  y i ^ i v  * i C i v
+  1 /l 2  %i
( Z j - V y j )  y j L C j y
+  w-----l 2  ( Z i - V y j )
= ( X j / V  -  y j / D C i y ,  ( A . 2 7 )
2
a*i  -  c&
r _ ( Z i - L x j ) C i y  1  
i  V J
— + (Li /V)C^^ ( A • 28 )
Wi th  t h e s e  d e f i n i t i o n s  o f  t h e  e l e m e n t s  f o r  t h e  j a c o b i a n  
m a t r i x ,  t h e  s y s t e m  o f  n o n - l i n e a r  e q u a t i o n s  f o r  t h e  SRK a n d  
PR e q u a t i o n s  o f  s t a t e  c a n  b e  s t a t e d .
The f o l l o w i n g  w i l l  b e  a  l i s t i n g  o f  t h e  i t e r a t i v e  
s e q u e n c e s  f o r  p h a s e - e q u i 1 i b r i a  c a l c u l a t i o n s  i n c o r p o r a t i n g  
t h e  SRK a n d  PR e q u a t i o n s  o f  s t a t e .  When a  f l u i d  m i x t u r e  
e x i s t s  a s  two p h a s e s ,  t h e  f o l l o w i n g  r u l e s  a p p l y :  ( 1 )  I f
t h e  m i x t u r e  i s  p r e d o m i n a n t l y  l i q u i d  (L>V) ,  t h e n  t h e  V-Y 
i t e r a t i o n  i s  u s e d ;  ( 2 )  Howe v e r ,  i f  t h e  m i x t u r e  i s
p r e d o m i n a n t l y  v a p o r  (L<V) ,  t h e n  t h e  L-X i t e r a t i o n  i s  u s e d .
The  V-Y i t e r a t i o n  i s  u s e d  when t h e  m i x t u r e  i s  
p r e d o m i n a n t l y  l i q u i d .  F i r s t  t h e  i t e r a t i o n  v a r i a b l e s  V,
Y2 » y g ,  . . . y^  a r e  c o m p u t e d .  T h i s  i s  d o n e  by  f l a s h i n g
t h e  m i x t u r e  w i t h  e s t i m a t e d  K - v a l u e s  a s  p e r f o r m e d  i n  t h e  
m e t h o d  o f  s u c c e s s i v e  s u b s t i t u t i o n .  T h e s e  i t e r a t i o n  
v a r i a b l e s  a r e  s t o r e d  i n  a n  o n e - d i m e n s i o n a l  a r r a y  d e n o t e d  
a s  :
Rl  R2  R3  • • ■ • Ri
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The t o t a l  h y d r o c a r b o n  mo l e  b a l a n c e  i s  u s e d  t o  c a l c u l a t e  L 
by t h e  f o l l o w i n g  e q u a t i o n :
L = 1-V
U s i n g  t h e  r e s t r i c t i v e  e q u a t i o n  ( s u m m a t i o n  o f  i n d i v i d u a l  
c o m p o n e n t  mo l e  f r a c t i o n s  e q u a l  1 ) p l a c e  on t h e  v a p o r - p h a s e  
c o m p o s i t i o n s ,  t h e  mo l e  f r a c t i o n  o f  t h e  f i r s t  c o m p o n e n t  i n  
t h e  v a p o r  p h a s e  i s  c o m p u t e d  i n  t h e  f o l l o w i n g  m a n n e r :
( A . 29)
The c o m p o s i t i o n  o f  t h e  l i q u i d  p h a s e  i s  d e t e r m i n e d  by u s i n g  
t h e  c o m p o n e n t  mo l e  b a l a n c e  n t i m e s  t o  c a l c u l a t e  x ^ ,  %2 ,
Xg, . . . .  x ^  i n  t h e  f o l l o w i n g  m a n n e r :
Lx j  + Vyj = Zj  ------------ > Xj = ( z j - V y j ) / L  ( A . 30)
A f t e r  c o m p u t i n g  t h e  p h a s e  c o m p o s i t i o n s ,  t h e  
h y d r o c a r b o n - p h a s e  c o m p r e s s i b i l i t y  f a c t o r s  ( z ^ ,  Zy)  a r e
c a l c u l a t e d  by  s o l v i n g  t h e  c u b i c  f o r m s  o f  SRK o r  PR 
e q u a t i o n s  o f  s t a t e .  Wi th  t h e  c o m p r e s s i b i l i t y  f a c t o r s ,  t h e  
c o m p o n e n t  f u g a c i t i e s  i n  b o t h  t h e  l i q u i d  a n d  v a p o r  p h a s e s  
a r e  c o m p u t e d  u s i n g  t h e  e q u a t i o n s  a b o v e .  The f u g a c i t i e s  
a r e  t h e n  u s e d  t o  o b t a i n  v a l u e s  f o r  t h e  r e s i d u a l s  b e t w e e n  
t hem i n  t h e  l i q u i d  a n d  v a p o r  p h a s e s .  W i t h  t h e  v a l u e s  o f  
t h e  r e s i d u a l s ,  t h e  p e r f o r m a n c e  i n d e x  i s  c o m p u t e d  a s :
IP = E  i f  ( A . 31)
i  = l  ^
N e x t  t h e  c a l c u l a t i o n  i s  c h e c k e d  t o  s e e  i f  c o n v e r g e n c e  h a s  
b e e n  r e a c h e d  i n  t h e  f o l l o w i n g  m a n n e r :
P  < e
I f  c o n v e r g e n c e  i s  r e a c h e d ,  t h e n  t h e  v a l u e s  o f  t h e  
f u g a c i t i e s  i n  e a c h  p h a s e  a r e  u s e d  t o  c o m p u t e  t h e  f u g a c i t y  
c o e f f i c i e n t s  w h i c h  i n  t u r n  a r e  u s e d  t o  c o m p u t e  t h e  t r u e
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K - v a l u e s  a n d  c o m p o s i t i o n s  o f  t h e  l i q u i d  a n d  v a p o r  p h a s e s .  
H o w e ve r ,  i f  c o n v e r g e n c e  i s  n o t  r e a c h e d ,  t h e  e l e m e n t s  o f  
t h e  j a c o b i a n  m a t r i x  a r e  c o m p u t e d .  T h i s  i s  a n  nxn  m a t r i x  
c o m p o se d  o f  J i s »  . . . .  w h e r e ;
J Ï 1 -  SV = ( X j j / V  -  y j j / L ) C i L i :
'^i j
j
■ ^ j
— C -  ( V/L)  C j  j^—C j  y ] ; 2  < j  <n a n d  i = j
T h e r e f o r e , t h e  j a c o b i a n  m a t r i x  i s r e p r e s e n t e d  i n  t h e
f o 1 l o w i n g m a t r i x n o t a t i o n  :
' / i l 0 0  ■ • ■ 0
' & 1 - 2 2
0  . • • 0
' è l 0 -53 0
• • • . . . 0
- ' i l 0 0  0  0  0 0  ' / i j
I f  R d e n o t e s  t h e  v e c t o r  c o m p os e d  o f  t h e  i t e r a t i o n  v a l u e s  
a n d  6  d e n o t e s  t h e  v e c t o r  c o m p o se d  o f  t h e  r e s i d u a l s  b e t w e e n  
t h e  f u g a c i t i e s  i n  t h e  l i q u i d  a n d  v a p o r  p h a s e s ,  t h e n  a  
l i n e a r  c o r r e c t i o n  a l g o r i t h m  c a n  b e  w r i t t e n  a s :
v f l  { R S  + l - R S } / *  =  ( A . 3 2 )
w h e r e  J  d e n o t e s  t h e  j a c o b i a n  m a t r i x  a nd  t h e  s u p e r s c r i p t  q 
i n d i c a t e s  t h a t  t h e  q u a n t i t y  i s  e v a l u a t e d  u s i n g  known v a l u e s  
f r o m i t e r a t i o n  q .  T h i s  s e t  o f  s i m u l t a n e o u s  l i n e a r
e q u a t i o n s  i s  s o l v e d  f o r  t h e  e l e m e n t s  o f  R ^ + l ,  w h i c h  a r e  t h e  
v a l u e s  o f  t h e  i t e r a t i o n  v a r i a b l e s  u s e d  i n  t h e  n e x t  
i t e r a t i o n .  The  t e r m  oc i s  a  r e g u l a t o r  a t  e a c h  i t e r a t i o n ,  
w h i c h  h e l p s  t o  c o n v e r g e  on  t h e  s o l u t i o n  more  q u i c k l y .  Fo r
s i m p l i c i t y ,  l e t ’ s  d e n o t e  t h e  e x p r e s s i o n  { R ^ + l - R S } / * : w i t h  
t h e  v a r i a b l e  A. T h e r e f o r e ,  t h e  l i n e a r  c o r r e c t i o n  a l g o r i t h m  
i s  now r e w r i t t e n  a s :
v f l A  =  - e f l  ( A . 3 3 )
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The a b o v e  l i n e a r  c o r r e c t i o n  a l g o r i t h m  i s  d e n o t e d  a s  t h e  
f o l l o w i n g  s y s t e m  o f  l i n e a r  e q u a t i o n s :
J i l ^ l  + A 2 ^ 2  * 4 3 A3  + ' ' + J l n ^ n
Â 2 ^ 1  ' ^ 2 ^ 2  * ^ 3 ^ 3  + ■ •
- ^ 1^ 1  + o^ 2 ^ 2  + J S 3 ^ 3  + '  ■ *  '%n^n
J h l A l  + 4 ) 2 ^ 2  * ' 4 .3^3 + ' " *  ' 4in^n = - 4 ,
T h i s  s y s t e m  o f  l i n e a r e q u a t i o n s  i s s o l v e d  t o y i e l d t h e
v a r i a b l e s  A j ,  A2 , A3 , • • • • Ajj. S t a r t i n g  w i t h  a v a l u e
f o r  «=1 a n d  i f  n e c e s s a r y  1 / 2 ,  1 / 4 , 1 / 8 ,  . . . . 1 / ( 0,  t h e
new i t e r a t i o n  v a l u e s a r e  c o m p u t e d i n  t h e  f 0 1 l ow i n g manne
Rj  ^ — Rj  ^+ ooAj ,^ Rg — R2 * 0CA2 , . . . . Rn = Rn +«^n
T h e s e  new v a l u e s  a r e  u s e d  t o  r e p e a t  t h e  p r o c e s s  by f i n d i n g  
new v a l u e s  f o r  V, L,  t h e  c o m p o s i t i o n s  o f  t h e  l i q u i d  and  
v a p o r  p h a s e s ,  f u g a c i t i e s  o f  t h e  l i q u i d  a n d  v a p o r  p h a s e s ,  
a nd  t h e  r e s i d u a l s  b e t w e e n  t h e  f u g a c i t i e s  o f  t h e  l i q u i d  a n d  
v a p o r  p h a s e s .  The new p e r f o r m a n c e  i n d e x  i s  t h e n  c h e c k e d  by 
s e e i n g  i f  i t  i s  l e s s  t h a n  t h e  p r e v i o u s  p e r f o r m a n c e  i n d e x :
P  = < P ( A . 34)
I f  t h e  new p e r f o r m a n c e  i n d e x  i s  n o t  l e s s  t h e n  t h e  p r e v i o u s  
p e r f r o m a n c e  i n d e x ,  t h e n  a  new v a l u e  o f  oc i s  c h o s e n  a n d  o n c e  
a g a i n  t h e  a b o v e  s y s t e m  o f  l i n e a r  e q u a t i o n s  i s  s o l v e d  f o r  
t h e  v e c t o r  A. Howe ver ,  i f  t h e  new p e r f o r m a n c e  i n d e x  i s  
l e s s  t h a n  t h e  p r e v i o u s  p e r f o r m a n c e  i n d e x ,  t h e n  t h e  o l d  i s
r e p l a c e d  w i t h  t h e  new < P= P  , Ri=R£, f i L = f i L ' f  iV=f i V
= 1 <i <n) a n d  c o n v e r g e n c e  i s  c h e c k e d .
The  L-X i t e r a t i o n  i s  a n a l g o u s  t o  t h e  V-Y i t e r a t i o n  
e x c e p t  i t  i s  u s e d  o n l y  when t h e  m i x t u r e  i s  p r e d o m i n a n t l y
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v a p o r .  The o n l y  d i f f e r e n c e  b e t w e e n  t h e  t wo  i t e r a t i o n  
t e c h n i q u e s  i s  t h a t  t h e  v e c t o r  R i s  c o m p o s e d  o f  t h e  e l e m e n t s  
L,  X2 » Xg, X4 , . . . .  x^ ,  a n d  t h e  J a c o b i a n  m a t r i x  i s
c o m p o s e d  o f  t h e  f o l l o w i n g  e l e m e n t s :
-^ii " oL " ( % i l / V  -  X i i / L )  1 <i <n
j  = = [ ( L / V ) C j v + C j L ] ;  2 <j £n  a n d  i  = j
B o t h  m e t h o d s  seem t o  g i v e  t h e  same r e s u l t s  e x c e p t  t h e  
l a t t e r  i s  more  e f f e c t i v e  i n  o b t a i n i n g  r e s u l t s  n e a r  t h e  
c r i t i c a l  p o i n t .
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APPENDIX B
C u l l e n d e r  a n d  S m i t h  E q u a t i o n  w i t h  A c c e l e r a t i o n  Term
In  t h i s  a p p e n d i x ,  a  m a t h e m a t i c a l  s o l u t i o n  w i l l  b e  
p r e s e n t e d  s h o w i n g  t h e  C u l l e n d e r  a n d  S m i t h  [ 1 9 5 6 ]  e q u a t i o n  
w i t h  t h e  a c c e l e r a t i o n  t e r m  i n c l u d e d .  C u l l e n d e r  a n d  S m i t h  
p r o p o s e d  a  m e t h o d  f o r  p r e d i c t i n g  p r e s s u r e  g r a d i e n t s  f o r  
f l o w i n g  g a s  w e l l s .  Howe ve r ,  t h e  a c c e l e r a t i o n  e f f e c t s  w e r e  
c o n s i d e r e d  n e g l i b l e  a n d  t h u s ,  w e r e  n e g l e c t e d  f r om t h e i r  
p r o p o s e d  e q u a t i o n .  Be l ow i s  t h e  m a t h e m a t i c a l  s o l u t i o n  o f  
t h e  C u l l e n d e r  a n d  S m i t h  e q u a t i o n  i n c l u d i n g  a c c e l e r a t i o n .
S t a r t i n g  w i t h  t h e  d i f f e r e n t i a l  f o r m o f  t h e  m e c h a n i c a l  
e n e r g y  b a l a n c e  e q u a t i o n :
vdP + dH + UdU +dWf = 0 ( B . 1)
w h e r e
V = s p e c i f i c  vo l u me  ( f t ^ / l b )
P = p r e s s u r e  ( I b / f t ^ )
H = d i f f e r e n c e  i n  e l e v a t i o n  ( f t )
U = v e l o c i t y  ( f t / s e c )  
g = c o n v e r s i o n  f a c t o r  = 3 2 . 1 7
W = i r r e v e r s i b l e  e n e r g y  l o s s  ( f r i c t i o n )  /  ( f t - l b )
The f r i c t i o n a l  r e s i s t a n c e  t e r m  dW^  f o r  a  c i r c u l a r  c r o s s  
s e c t i o n  i s  d e f i n e d  by
d W ,  =  < B . 2 >
w h e r e
f  = c o e f f i c i e n t  o f  f r i c t i o n  ( d ’ l e s s )
D = i n t e r n a l  p i p e  d i a m e t e r  ( f t )
The d i f f e r e n t i a l  f o r m o f  t h e  m e c h a n i c a l  e n e r g y  b a l a n c e  now 
b ec o me s
UdU AfU^dL _ _
vdP + dH + - g— + 2gD  “ 0 ( B . 3 )
Knowing t h a t
NvU =   ( B . 4 )
- 2 1 3 -
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a n d
{jZ = ---5--- (B.5)
HdL _____
dH = — [   ( B . 6 )
Ndv
dU = ^  ■ ( B . 7 )
w h e r e
N = r a t e  o f  f l o w  ( l b / s e c )
A = a r e a  o f  f l o w  ( f t ^ )
S u b s t i t u t i n g  t h i s  i n t o  t h e  m e c h a n i c a l  e n e r g y  e q u a t i o n  we 
f i n d :
HdL N^vdv 4 f N^ v ^ dL  _ 
vdP + : + 9  + o — 0 (B*S)
gA^ 2gDA^
By c h a n g i n g  t h e  s i g n s  f o r  i n t e g r a t i o n  f r o m  p o s i t i o n  2 t o  
p o s i t i o n  1, we f i n d  t h e  e x p r e s s i o n  f o r  dL i s
N^vdv
vdP gA^
dL “ Q o ^ o o ( B • Q)
H AfN^vZ H AfN^yZ
^  *  2gDA^ ^ ^ 2gDA^
B e f o r e  r e a r r a n g i n g  t h e  a b o v e  e q u a t i o n  f u r t h e r ,  t h e  
f o l l o w i n g  s t a t e m e n t s  m u s t  be  o b s e r v e d .  F o r  a  r e a l  g a s
PV = znRT ( B . I O )
zmRT
M
zRT
( B . 11)
Pv = -pj— ( B . 1 2 )
Remember  t h e  p r e s s u r e  (P)  i s  i n  I b / f t ^ ;  t h e r e f o r e ,
w h e r e
M = m o l e c u l a r  w e i g h t  o f  t h e  g a s  d e f i n e d  a s
= 2 6 . 9 6 G  ( I b / l b - m o l e )  ( B . 1 4 )
G = g a s  s p e c i f i c  g r a v i t y  ( d ' l e s s )
R = u n i v e r s a l  g a s  c o n s t a n t
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= 10.732
t h e n
Pv =
p s i a  " f t ^
1 b - m o 1 e • ^
1 4 4 ( 1 0 . 7 3 2 )  zT
2 8 . 9 6
= 5 3 . 3 6 3 5  •
zT
(B.15)
( B . 16)
i f  we l e t  b = 5 3 . 3 6 3 5 / G ,  t h e n  E q u a t i o n  B . 1 6  i s  r e w r i t t e n  a s  
Pv = bTz ( B . 17)
o r
bTz 
v = — ( B . 18)
E q u a t i o n  B . 18 i s  d i v i d e d  by 144 b e c a u s e  p r e s s u r e  (P)  i s  i n  
p s i a ,  s o
V = Ï44P" ( B . 1 9 )
The d e r i v a t i v e  o f  t h e  s p e c i f i c  v o l u m e  w i t h  r e s p e c t  t o  
p r e s s u r e  i s
dv _ bT 
dP -  144
_ dz
P ' d P  -  z
bT L  d z  1
i ^ r d p  -
bT
144P2
[p -  z j j
bTz fl dz  11 
Iz dP “ p J144P P
bTz
144P (f  ■ F
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bTz
144P "°g ( B . 2 0 )
t h e r e f o r e  ;
bTz
dv = -  1 4 4 P "CgdP ( B . 2 1 )
Now s o l v i n g  f o r  t h e  f i r s t  p a r t  o f  t h e  dL e x p r e s s i o n  
( n e g l e c t i n g  f r i c t i o n )  we f i n d
vdP _
1 2 -
dL = --------------- o 9  + 0  ( B . 2 2 )
H + AfN^vZ
2gDA<
l A 4 d P / ( 1 4 4 P / b T z )
dL = ---------------------5 ------------  ( B . 2 3 )
H + 4fQ2
^ 2gDA%
dL 1 4 4 d P / ( 1 4 4 P / T z )
“ H + 4 f q 2  ^
,2
2gDA%
( P / T z )
m u l t i p l y i n g  t h r o u g h  by ----------- 5 - we h a v e
( P / T z ) ^
dL ( P / T z ) d P
b
N o t e  t h a t
Q Q 4Q
A "
dL ( P / T z ) d P
b ■ r _ H f41^ 4 fQ^ I
( B . 2 4 )
( B . 2 5 )
( B . 2 6 )
( B . 2 7 )
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N o t e  t h a t  f o r  s t e a d y  s t a t e  c o n d i t i o n s  
PQ ^ s c ® s c
zT ^ s c ^ s c
Hence ,
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( B . 2 8 )
dL
b
( P / T z ) d P
U s i n g  t h e  f o l l o w i n g  c o n s t a n t s  a n d  s u b s t i t u i n g
-sc
Psc = 1 4 . 6 5
' s c
We now h a v e
60  ° F  o r  5 2 0  ° R
( B . 2 9 )
dL
b
( P / T z ) d P
a-i-r fQ s c
( B . 30)
1 2 5 0 0 . 6 4 0 5 d6
I f  we w a n t  t o  e x p r e s s  t h e  d i a m e t e r  i n  i n c h e s  a n d  t h e  f l o w  
r a t e  i n  m i l l i o n s  o f  c u b i c  f e e t  p e r  d a y  t h e n
q g g ( 6 0 ) ( 6 0 ) ( 2 4 )  
1, 000,000 = Qs c
' s c = 1 1 . 5 7 4 i Q g j . ;  ( q g e  1 "  f t / s e c )s c
and
D ( 12 )  = d
D = d / 1 2 ;  (d  i n  i n c h e s )  
t h e r e f o r e  ;
dL
b
I f  we l e t
P = •
t h e n ,
( P / T z ) d P
fQ
+ 2 6 6 6 . 5 3  -
s c
v/TÜDO"
( B . 3 1 )
( B . 3 2 )
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dL
b
( P / T z ) d P
H r  > / 1 0 0 0  P
a
fQ
Tz + 2 6 6 6 .  53 ••
s c
(B.33)
lOOOdL ( P / T z ) d P
fQ
6 6 6 5 3
s c
iOOOGL
5 3 . 3 6 5 3
_________ ( P / T z ) d P _______
+ 2 . 6 6 6 5 3
fQ s c
( B . 3 4 )
( B . 35 )
E q u a t i o n  B . 3 5  i s  t h e  s o l u t i o n  a s  p r o p o s e d  by  C u l l e n d e r  a n d  
S m i t h .  Now i f  a c c e l e r a t i o n  i s  i n c l u d e d ,  we f i n d
dL =
1 4 4 d P / ( 1 4 4 P / b T z )  
H 4 f Q2
L + 2gDA'
(Q2 c g / g A 2 )dP
H 4 f Q2  
L + ----------
( B . 3 6 )
2gDA'
( P / T z ) 2
m u l t i p l y i n g  t h r o u g h  by ( p / j  ^ 2  ° n c e  a g a i n ,  we h a v e
dL
b
( P / T z ) d P ( P / T z ) 2 ( Q 2 c g / g A % b ) d P
4 f Q '
2 gDA2 . [ f H '  [E-
4fQ'
2gDA'
( B . 3 7 )
R e m e mb e r i ng  t h a t
Q Q 4Q
jD ‘
t h e n ,
dL 
b =
( P / T z ) d P ( P / T z ) 2 ( Q 2 c g / g D * b )  (4/ jt) ^ dP
f P  (H 141^4 f Q ^ l  ~ f P -|2 Th (41^4 f Q ^ l
i T i - J  [L + l ï ï j  2" l ï E - J  [l + b J  2
( B . 38 )
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Re m e m b er i n g  t h a t  f o r  s t e a d y - s t a t e  c o n d i t i o n s  t h e  f o l l o w i n g  
i s  t r u e
PQ
zT
t h e n ,
dL
b
PsçQsC
^ s c ^ s c
( F / T z ) d P ( P g c Q s c / T s c Z s c )  ( c , / g D * b ) ( 4 / n ) 2 d P
( B . 3 9 )
Once  a g a i n  u s i n g  t h e  f o l l o w i n g  c o n s t a n t s  f o r  Zgg,  P g g ,  a n d  
Tgg ,  a n d  upon  s u b s t i t u t i o n  o f  t h e s e  v a l u e s  i n  E q u a t i o n  
B . 3 9 ,  we h a v e  t h e  f o l l o w i n g  e q u a t i o n :
dL
b
( P / T z )  -
Cg^scG
1 , 3 3 4 , 1 5 5 . 8 5 9 0 ^
fQ s c
( B . 4 0 )
*  1 2 5 0 0 . 6 4 0 5 0 ^
U s i n g  t h e  same p r o c e d u r e  t o  e x p r e s s  t h e  d i a m e t e r  i n  i n c h e s  
a n d  f l o w  r a t e  i n  m i l l i o n s  o f  c u b i c  f e e t  p e r  d a y .  E q u a t i o n  
B . 4 0  r e d u c e s  t o
dL
b
[ ( P / T z )  -  2 . 0 8 2 0 4 8 9 C g G Q § c / d 4 ] d P
fQ§c
+ 2 8 8 8 . 5 3  E-
( B . 4 1 )
I f  we d e n o t e  P ( E q u a t i o n  B . 3 2 )  a s  b e f o r e .  E q u a t i o n  B . 41  
r e d u c e s  t o
dL
b
[ ( P / T z )  -  2 . 0 8 2 0 4 8 9 C g G Q f ç j / d ^ ] d P
fQ:
2 8 6 8 . 5 3  •—
( B . 42)
F u r t h e r  r e d u c t i o n  o f  E q u a t i o n  B . 4 2  g i v e s  
lOOOGL
5 3 . 3 8 3 5 • C -
( P / T z )  -  2 . 0 8 2 0 4 8 9 C g G Q § g / d 4 ] d P
p i 2 .  fQgc
+ 2 . 8 8 8 5 3  ■— 5 -
( B . 43)
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E q u a t i o n  B . 4 3  i s  t h e  f o r m o f  t h e  C u l l e n d e r  a n d  S m i t h  
e q u a t i o n  i n c l u d i n g  a c c e l e r a t i o n  e f f e c t s .
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APPENDIX C 
S o f t w a r e  P a c k a g e  D e s c r i p t i o n
The  f o l l o w i n g  b e l o w  w i l l  show t h e  s e q u e n c e  a nd  
d e s c r i p t i o n  o f  t h e  i n p u t  d a t a  f o r  b o t h  c o m p u t e r  p r o g r a m s  
(TENSAP2 AND TENSAPC).  T h e s e  c o m p u t e r  p r o g r a m s  a r e  u s e d  
f o r  e s t i m a t i n g ,  t h e  d e s i g n  o f  g a s ,  g a s - c o n d e n s a t e ,  and  o i l  
w e l l s .  Sampl e  r u n s  s h o w i n g  t r a v e r s e s  f r o m TENSAPC and  
TENSAP2 w i l l  b e  g i v e n  a f t e r  t h e  f o l l o w i n g  d e s c r i p t i o n .  A 
s a m p l e  r u n  s h o w i n g  t h e  c o m p u t a t i o n  o f  t h e  S y s t e m s  A n a l y s i s  
c u r v e s  and  a  l o g i c  d i a g r a m  s h o w i n g  t h e  c a l c u l a t i o n s  
i n v o l v e d  f o r  b o t h  p r o g r a m s  w i l l  a l s o  be  i l l u s t r a t e d .  The 
c a r d  i n p u t  f o r  b o t h  p r o g r a m s  a r e  g i v e n  i n  t h e  f o l l o w i n g  
s e q u e n c e  :
CARD 1 :
VARIABLES:
FORMAT:
DESCRIPTION!
API , BP , D1A, ED, FACT, GLR, PSC, PSEP, PWH, QTOT, R S 1,
SGH20,SGPG
f r e e  f o r m a t
API = API g r a v i t y  o f  o i l ,  ( °AP 1 ) .
BP = B u b b l e  P o i n t  p r e s s u r e ,  ( p s i a ) .
DIA = I n s i d e  d i a m e t e r  o f  t h e  t u b i n g
s t r i n g ,  ( i n c h e s ) .
ED = A b s o l u t e  r o u g h n e s s  o f  t h e  t u b i n g
s t r i n g .  A v a l u e  o f  0 . 0 0 0 6  ( i n . )  i s  
s u g g e s t e d .
FACT = The r a t i o  o f  t h e  d e s i r e d  p l o t  s i z e  
t o  n o r m a l  p l o t  s i z e ,  i . e . ,  0 . 5 =
( 8  1 / 2 "  X 1 1 " ) ,  1 = ( 1 7 "  X 2 2 " ) .
GLR = P r o d u c i n g  g a s - l i q u i d  r a t i o ,  
( SCF / S TBL) .
PSC = S t a n d a r d  p r e s s u r e ,  ( p s i a ) .
PSEP = A c t u a l  s e p a r a t o r  p r e s s u r e  a t  w h i c h
t h e  g a s  s a m p l e  was  t a k e n  f o r  t h e  
g r a v i t y  m e a s u r e m e n t .  T h i s  i s  u s e d
- 221 -
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i n  t h e  V a s q u e z  a n d  Be g g s  f l u i d  
p r o p e r t y  c o r r e l a t i o n s  o n l y ,  w h i c h  
a r e  b a s e d  on a  " c o r r e c t e d "  g a s  
g r a v i t y .  S e e  a l s o  "TSEP" .
PWH = W e l l h e a d  p r e s s u r e ,  ( p s i a ) .
•QTOT = G a s ,  o i l ,  o r  w a t e r  f l o w r a t e  u s e d  i n
p r e s s u r e  t r a v e r s e  s u r v e y .
RSI s  I n i t i a l  s o l u i t o n  GOR, ( S CF/ STB) .
SGH2Ü = S p e c i f i c  g r a v i t y  o f  p r o d u c e d
f o r m a t i o n  w a t e r .
SGPG = S p e c i f i c  g r a v i t y  o f  p r o d u c e d  g a s .
CARD 2 ;
VARIABLES:
FORMAT;
TBH,TMD,TPVT,TRES,TSC,TSEP,TVD,TWH,WC,YC,YHS,  
YN
f r e e  f o r m a t
DESCRIPTION: TBH
TMD
TPVT
TRES
TSC
TSEP
= F l o w i n g  b o t t o m h o l e  t e m p e r a t u r e ,
( % ) .
= T o t a l  m e a s u r e d  d e p t h ,  ( f t . ) ;  
m e a s u r e d  f r om t h e  t u b i n g  h e a d  
f l a n g e .
= T e m p e r a t u r e  PVT m e a s u r e m e n t s  we r e  
p e r f o r m e d ,  ( ° E ) .
= A v e r a g e  r e s e r v o i r  t e m p e r a t u r e ,  ( ° P ) .
= S t a n d a r d  t e m p e r a t u r e ,  ( ° E ) .
= A c t u a l  s e p a r a t o r  t e m p e r a t u r e  a t  
w h i c h  t h e  g a s  s a m p l e  was t a k e n  f o r  
t h e  g r a v i t y  m e a s u r e m e n t .  T h i s  i s  
u s e d  i n  t h e  V a s q u e z  a n d  Beggs  f l u i d  
p r o p e r t y  c o r r e l a t i o n s  o n l y ,  t o  
c o r r e c t  t o  a  g a s  g r a v i t y  t h a t  wou ld  
h a v e  r e s u l t e d  i f  s e p a r a t i o n  
c o n d i t i o n s  had  b e e n  100 p s i g .  T h e i r
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CARD . 3. !
VARIABLES:
FORMAT:
c o r r e l a t i o n s  a r e  b a s e d  on t h i s  
" c o r r e c t e d "  g a s  g r a v i t y .
TVD = T r u e  v e r t i c a l  d e p t h ,  ( f t . ) .
M e a s u r e d  f r om t h e  t u b i n g  h e a d  
f l a n g e .
TWH = W e l l h e a d  t e m p e r a t u r e ,  ( * ^ ) .
VIC = Wa t e r  c u t ,  (%) .
YC = Mole  f r a c t i o n  o f  c a r b o n  d i o x i d e  i n
p r o d u c e d  g a s ,  (%).
YHS = Mole f r a c t i o n  o f  h y d r o g e n  s u l f i d e  i n
p r o d u c e d  g a s ,  ( % ) .
YN = Mole f r a c t i o n  o f  n i t r o g e n  i n
p r o d u c e d  g a s ,  (%>.
ICODE,ICGND,ICORR, IHL, IPLGT, ITRAV, ITUB, lUNLQ,
IWELL,JCGDE 
f r e e  f o r m a t
DESCRIPTION: ICODE = S o l u t i o n  g a s / o i l  r a t i o  a n d  b u b b l e
p o i n t  p r e s s u r e  c o r r e l a t i o n ;  
s e l e c t i o n  p a r a m e t e r :
> 0 L a s a t e r  
= 0 V a s q u e z  a n d  Beggs  
( r e c o m m e n d e d )
< 0 S t a n d i n g  
ICQND = F l o w i n g  g a s  s e l e c t i o n  p a r a m e t e r :
= 0 Dry g a s  
= 1 Wet ga s
( c o n d e n s a t e  p r o d u c t i o n )
= 2 Gas f r om  o i l  p r o d u c t i o n  
ICORR = I n d i c a t o r  t o  t e l l  w h i c h  m e t h o d  t o  
em p l o y  when c a l c u l a t i n g  t h e  b o t t o m  
h o l e  p r e s s u r e  down t h e  t u b i n g  
s t r i n g ;  s e l e c t i o n  p a r a m e t e r :
= 1 P o e t t m a n n  a n d  C a r p e n t e r
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=  2 
= 3 
= 4
= 5 
=  6 
= 7 
=  8
= 9
B a x e n d e l l  a n d  Thomas 
F a n c h e r  a n d  Brown 
H a g e d o r n  a n d  Brown 
( r ecommended  a s  f i r s t  t r y )  
Duns a n d  Ros 
O r k i s z e w s k i  
Beggs  a n d  B r i l l  
D u k l e r  e t  a l .
( h o r i z o n t a l  f l o w  o n l y )
Gray
( i n  TENSAPC o n l y )
IHL = Be ggs  a n d  B r i l l  i n c l i n e d  f l o w  h o l d u p  
c o r r e c t i o n  f a c t o r  o p t i o n  O = no 
c o r r e c t i o n ;  >  0  -  u s e  P a l m e r  
c o r r e c t i o n  f a c t o r s .  A p p l i e s  o n l y  t o  
t h e  Beggs  a n d  B r i l l  c o r r e l a t i o n  
( r e c omme nde d  t o  s e t  IHL = 1 ) .
IPLOT s  I n d i c a t o r  t h a t  s t a t e s  w h e t h e r  t h e  
p r o g r a m  i s  t o  make p l o t s .  The 
i n d i c a t o r  s cheme  i s  a s  f o l l o w s :
= 0 P l o t s  a r e  n o t  made
= 1 P l o t s  a r e  made
= 2 P l o t s  a r e  made w i t h  a
m i n o r  g r i d
ITRAV = S e t s  t h e  p r o g r a m  on o r  o f f  f o r  d o i n g  
a  p r e s s u r e  t r a v e r s e ;  s e l e c t i o n  
p a r a m e t e r  :
= 0 T r a v e r s e  i s  n o t  d o n e
= 1 T r a v e r s e  i s  d o ne
= 2 T r a v e r s e  i s  d o n e  a n d  a  c h e c k
on PVT d a t a  w i t h  d e p t h  i s
shown
ITUB = D e t e r m i n e s  t h e  e q u a t i o n  u s e d  i n
c a l c u l a t i n g  t h e  o u t f l o w  c u r v e  f o r  a  
p a r t i c u l a r  t u b i n g  s t r i n g  s e t u p ;  
s e l e c t i o n  c o d e :
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= 1 C u l l e n d e r  a n d  S m i t h  
( g a s - t r a v e r s e )
= 2 C u l l e n d e r  a n d  S m i t h  
( g a s - o u t f l o w  c u r v e )
= 3 T w o - p h a s e  C o r r e l a t i o n s  
( o i 1 - t r a v e r s e )
= 4 T w o - p h a s e  C o r r e l a t i o n s  
( o i 1 - o u t f l o w  c u r v e )  
lUNLO = I n d i c a t o r  t h a t  t e l l s  w h i c h  f l u i d  i s  
c o n s i d e r e d  when d e t e r m i n i n g  
u n l o a d i n g  v e l o c i t y  f o r  a  g a s  w e l l ;  
s e l e c t i o n  p a r a m e t e r :
= 0 F l u i d  t y p e  i s  w a t e r  
= 1 F l u i d  t y p e  i s  c o n d e n s a t e  
IWELL = Wel l  s e l e c t i o n  c o d e :  1 - g a s  o r  wet  
g a s ,  2 - o i l ,  3 - g a s  c o n d e n s a t e  
( m u l t i - p h a s e  f l o w  c o r r e l a t i o n s )  
JCODE = O i l  f o r m a t i o n  vo l u me  f a c t o r  b e l ow  
b u b b l e  p o i n t  p r e s s u r e  c o r r e l a t i o n ;  
s e l e c t i o n  p a r a m e t e r :
> 0 V a s q u e z  a n d  Beggs  
( r e c o m m e n d e d )
< 0 S t a n d i n g
CARD .4,1
VARIABLES:
FORMAT:
JHL,KHL,KREG,NACT,NINC,NPARM,NPARMT,NPVT,
NTUB,PTYPE 
f r e e  f o r m a t
DESCRIPTION: JHL
KHL
= D u k l e r  l i q u i d  h o l d u p  c o r r e l a t i o n
s e l e c t i o n  f a c t o r  o p t i o n ;  0  = u s e  
D u k l e r  h o l d u p ;  >0 = u s e  E a t o n  
h o l d u p .  A p p l i e s  o n l y  t o  t h e  D u k l e r  
c o r r e l a t i o n  ( i t  i s  r ecommended  t h a t  
t h i s  v a r i a b l e  e q u a l s  1 ) .
= H a g e d o r n  and  Brown l i q u i d  h o l d u p
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NACT
NINC
s e l e c t i o n  c o d e :  0 = u s e  H & B 
h o l d u p ;  > 0  = u s e  no s l i p  h o l d u p  i f  
g r e a t e r  t h a n  H & B h o l d u p .  A p p l i e s  
o n l y  t o  t h e  H a g e d o r n  a n d  Brown 
c o r r e l a t i o n  ( i t  i s  r ecommended  t h a t  
t h i s  v a r i a b l e  e q u a l s  1 ) .
KREG = H a g e d o r n  and  Brown f l o w  p a t t e r n
m o d i f i c a t i o n  s e l e c t i o n  c o d e ;  0  = no 
m o d i f i c a t i o n ;  >0 = G r i f f i t h  a nd  
W a l l i s  c o r r e l a t i o n  f o r  b u b b l e  f l o w  
c a l c u l a t i o n s .  A p p l i e s  o n l y  t o  t h e  
H a g e d o r n  and  Brown c o r r e l a t i o n  ( i t  
i s  r ecommended  t h a t  t h i s  v a r i a b l e  
e q u a l s  1 ) .
= Number  o f  d i f f e r e n t  m e a s u r e d  f l o w i n g  
p r e s s u r e s  w i t h  d e p t h  ( a c t u a l  
t r a v e r s e ) .
= T o t a l  number  o f  i n c r e m e n t s  u s e d  i n  
c a l c u l a t i n g  t h e  p r e s s u r e  t r a v e r s e  
i n s i d e  t h e  t u b i n g  s t r i n g .  F o r  
t w o - p h a s e  f l o w  c a l c u l a t i o n ,  a  v a l u e  
t o  g i v e  1 0 0  t o  2 0 0  f t .  i n c r e m e n t s  
i s  s u f f i c i e n t .  F o r  a  
C u 11e n d e r - S m i t h  c a l c u l a t i o n ,  8  
i n c r e m e n t s  i s  s u f f i c i e n t .
O i 1 W e l l :  NINC = TMD/200 
Gas  W e l l :  NINC = 4 t o  8
NPARM = Number o f  d i f f e r e n t  p a r a m e t e r
c h a n g e s  (DIA,  ED, ANG, a n d  GLR) w i t h  
d e p t h .
NPARMT = Number  o f  d i f f e r e n t  m e a s u r e d  
t e m p e r a t u r e s  w i t h  TVD.
NPVT 5  Number  o f  d i f f e r e n t  PVT m e a s u r e m e n t s  
w i t h  p r e s s u r e .
NTUB = Number  o f  t u b i n g  c u r v e s .
PTYPE = I n d i c a t e s  w h i c h  p l o t  i s  p l o t t e d .
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s e l e c t i o n  c o d e :  1 - t r a v e r s e ,
2 - d i f f e r e n t i a l ,  3 - n o d a l ,  a n d  
4 - s e n s i t v i t y .
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C A R D _ 5 J _
VARIABLES:
FORMAT:
DESCRIPTION:
IDGOP,IDOOP,IDWOP,IVWOP.DOSC,AMWGS.AMWOS
f r e e  f o r m a t
IDGOP = I n d i c a t e s  w h i c h  o p t i o n  i s  t o  be
u s e d  f o r  c o m p u t i n g  t h e  d e n s i t y  o f  
t h e  g a s  p h a s e ;  h o w e v e r ,  t h i s  o p t i o n  
i n  t h e  c o m p u t e r  p r o g r a m  (TENSAPC) 
i s  n o t  o p e r a t i o n a l .  T h i s  v a r a i a b l e  
i s  u s e d  f o r  i n d i c a t i n g  i f  a  
p r i n t o u t  o f  t h e  PVT p r o p e r t i e s  i s  
r e q u e s t e d :  0 - p r i n t o u t  i s  n o t
r e q u e s t e d ;  1 - p r i n t o u t  i s  r e q u e s t e d .
IDOOP =  I n d i c a t e s  w h i c h  o p t i o n  i s  t o  be
u s e d  f o r  c o m p u t i n g  t h e  d e n s i t y  o f  
t h e  c o n d e n s a t e  p h a s e ;  h o w e v e r ,  t h i s  
o p t i o n  i n  t h e  c o m p u t e r  p r o g r a m  
(TENSAPC) i s  n o t  o p e r a t i o n a l  
( r e c o m m e n d e d  t h a t  t h i s  v a r i a b l e  be  
s e t  t o  1 ) .
IDWOP = I n d i c a t e s  w h i c h  o p t i o n  i s  t o  be
u s e d  f o r  c o m p u t i n g  t h e  d e n s i t y  o f  
t h e  f r e e  w a t e r  p h a s e ;  h o w e v e r ,  t h i s  
o p t i o n  i n  t h e  c o m p u t e r  p r o g r a m  
(TENSAPC) i s  n o t  o p e r a t i o n a l  
( r e c o m m e n d e d  t h a t  t h i s  v a r i a b l e  be 
s e t  t o  1 ) .
IVWOP = I n d i c a t e s  w h i c h  o p t i o n  i s  t o  be
u s e d  f o r  c o m p u t i n g  t h e  v i s c o s i t y  o f  
t h e  f r e e  w a t e r  p h a s e ;  h o w e v e r ,  t h i s  
o p t i o n  i n  t h e  c o m p u t e r  p r o g r a m  
(TENSAPC) i s  n o t  o p e r a t i o n a l
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NOTE;
CARD.-...6
VARIABLES:
FORMAT;
DESCRIPTION!
( r ec o m me n d e d  t h a t  t h i s  v a r i a b l e  be 
s e t  t o  1 ) .
DOSC = D e n s i t y  o f  t h e  c o n d e n s a t e  a t
s t a n d a r d  c o n d i t i o n s  ( I b m / f t ® ) .  
AMWGS = M o l e c u l a r  w e i g h t  o f  t h e  g a s  p h a s e  
a t  s e p a r a t o r  c o n d i t i o n s .
AMWOS = M o l e c u l a r  w e i g h t  o f  t h e  c o n d e n s a t e  
a t  s e p a r a t o r  c o n d i t i o n s .
CARD 5 i s  n o t  i n c l u d e d  i n  t h e  c o m p u t e r  
p r o g r a m  TENSAP2.
TITL,METHOD,ITWP,NHCP 
( 1 5 A 4 , l O X , 1 2 , 1 4 , 1 4 )
TITL = A r r a y  c o n t a i n i n g  up  t o  60  c h a r a c t e r s
w h i c h  p r o p e r l y  d o c u m e n t  t h e  p r o b l e m  
s o l u t i o n  f o r  y o u r  f i l e s .
METHOD = I n d i c a t e s  w h i c h  e q u a t i o n  o f  s t a t e  i s  
t o  be  u s e d  i n  t h e  c a l c u l a t i o n s :
1-SRK e q u a t i o n  o f  s t a t e  i s  u s e d ;
2 - PR e q u a t i o n  o f  s t a t e  i s  u s e d .  
ITWP = I n d i c a t e s  i f  t h e  p h y s i c a l  p r o p e r t y
c a l c u l a t i o n s  a r e  t o  b e  p e r f o r m e d ;
0 - c a l c u l a t i o n s  a r e  n o t  p e r f o r m e d ;
1 - c a l c u l a t i o n s  a r e  p e r f o r m e d .
S i n c e  p r e s s u r e  t r a v e r s e s  a r e  b e i n g  
c a l c u l a t e d ,  t h i s  v a r i a b l e  i n  mo s t  
c a s e s  i s  e q u a l  t o  1 .
NHCP = Number o f  H y p o t h e t i c a l  C o m p o n e n t s .
An i n t e g e r  v a l u e  i s  e n t e r e d  t o  
d e f i n e  t h e  number  o f  h y p o t h e t i c a l  
c o m p o n e n t s .  I f  no h y p o t h e t i c a l  
c o m p o n e n t s  a r e  b e i n g  e n t e r e d ,  t h i s  
v a r i a b l e  i s  s e t  t o  z e r o .  I f  a  
n o n - z e r o  v a l u e  i s  e n t e r e d ,  i t  may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-229-
NOTE:
CARD ..7 .S...
VARIABLES:
FORMAT:
DESCRIPTION:
be  p o s i t i v e  o r  n e g a t i v e .  Making  
t h e  e n t r y  n e g a t i v e  w i l l  c a u s e  t h e  
p r o g r a m  t o  p r i n t  s e l e c t e d  r e s u l t s  
f rom t h e  h y p o t h e t i c a l  c o m p o n e n t  
p r o p e r t y  p r e d i c t i o n  p r o c e d u r e s .  
E n t e r i n g  t h i s  number  a s  a  p o s i t i v e  
i n t e g e r  w i l l  b y p a s s  t h e  p r i n t i n g  o f  
t h e  p r e d i c t e d  h y p o t h e t i c a l  
c o m p o n e n t  p r o p e r t i e s .
CARD 6  i s  n o t  i n c l u d e d  i n  t h e  c o m p u t e r
p r o g r a m  TENSAP2.
X Q ( l ) , X Q ( 2 ) , K Z , X a ( 3 ) , X Q ( 4 ) , X a ( 5 ) , X Q ( 6 ) , X Q ( 7 ) ,
X Q ( 8 ) , X Q ( 9 ) , X Q ( 1 0 )
( 2 A 4 , I 4 , 8 F 8 . 1)
XQ(1)  = C o n t a i n s  t h e  f i r s t  4 c h a r a c t e r s  o f
t h e  h y p o t h e t i c a l  c o m p o n e n t  name.  
XQ(2)  = C o n t a i n s  t h e  l a s t  4 c h a r a c t e r s  of
t h e  h y p o t h e t i c a l  c o mp o n e n t  name.
KZ = Compone n t  i d e n t i f i c a t i o n  n u m b e r .
An i n t e g e r  v a l u e  i n  t h e  r a n g e  o f  62 
t o  1 0 0  i s  e n t e r e d .
XQ(3)  = A v e r a g e  B o i l i n g  P o i n t  ( ^ & ) ,  i f  a
v a l u e  o f  z e r o  i s  e n t e r e d ,  t h e  
c o m p u t e r  p r o g r a m  (TENSAPC) w i l l  
c o m p u t e  a  v a l u e  u s i n g  t h e  API 
g r a v i t y  o f  t h e  c o n d e n s a t e .
XQ(4)  = API g r a v i t y  o f  t h e  c o n d e n s a t e
( ®AP 1) .
XQ(5) = M o l e c u l a r  w e i g h t  o f  t h e  h y p o t h e t i c a l
c o m p o n e n t ,  i f  a  v a l u e  o f  z e r o  i s  
e n t e r e d ,  t h e  c o m p u t e r  p r o g r a m  
(TENSAPC) w i l l  c o m p u t e  a  v a l u e  u s i n g
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NOTE:
t h e  API g r a v i t y  o f  t h e  c o n d e n s a t e .  
XQ(6 ) = C r i t i c a l  t e m p e r a t u r e  o f  t h e
h y p o t h e t i c a l  c o m p o n e n t  ( % ) ,  i f  a 
v a l u e  o f  z e r o  i s  e n t e r e d ,  t h e  
c o m p u t e r  p r o g r a m  (TENSAPC) w i l l  
c o m p u t e  a  v a l u e  u s i n g  t h e  API 
g r a v i t y  o f  t h e  c o n d e n s a t e .
XQ.(7) = C r i t i c a l  p r e s s u r e  o f  t h e
h y p o t h e t i c a l  c o m p o n e n t  ( p s i a ) ,  i f  
a  v a l u e  o f  z e r o  i s  e n t e r e d ,  t h e  
c o m p u t e r  p r o g r a m  (TENSAPC) w i l l  
c o m p u t e  a  v a l u e  u s i n g  t h e  API 
g r a v i t y  o f  t h e  c o n d e n s a t e .
XQ(8 ) = Volume f r a c t i o n  o f  t h e  p a r a f f i n s
( i t  i s  r ecommended  t h a t  t h i s  
v a r i a b l e  be  s e t  t o  z e r o ) .
XQ(9)  = Volume f r a c t i o n  o f  t h e  n a p t h e n e s
( i t  i s  r ecommended  t h a t  t h i s  
v a r i a b l e  be  s e t  t o  z e r o ) .
XQ(IO) = Volume f r a c t i o n  o f  t h e  a r o m a t i c s
( i t  i s  r ecommended  t h a t  t h i s  
v a r i a b l e  be  s e t  t o  z e r o ) .
CARD 7 i s  r e p e a t e d  u n t i l  t h e  t o t a l  number  o f
h y p o t h e t i c a l  c o m p o n e n t s  (NHCP) h a v e  b e e n  
d e s c r i b e d .  T h i s  c a r d  i s  o m i t t e d  i f  NHCP = 0.  
A l s o  CARD 7 i s  n o t  i n c l u d e d  i n  t h e  c o m p u t e r  
p r o g r a m  TENSAP2.
CARD , 8 :
VARIABLES:
FORMAT;
DESCRIPTION:
NCP, NOPT, 1TCNT, NUN1T, IP , 1 PH,TST,TEND,DELT,
P S T , PEND,DELP,FRAC,HSP 
( 1 4 , 1 3 , 4 1 2 , 7 F 7 . 1 , E 1 4 . 8 )
NCP = Number o f  c o m p o n e n t s  ( i n c l u d e s  t h e
h y p o t h e t i c a l  c o m p o n e n t s ) .  A 
p o s i t i v e  i n t e g e r  v a l u e  i n  t h e  r a n g e
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o f  1 t o  25 i s  e n t e r e d .
NOPT = I n d i c a t e s  t h e  t y p e  o f  c a l c u l a t i o n  
t o  be  p e r f o r m e d  ( r ec o mme n d e d  t h a t  
t h i s  v a r i a b l e  b e  s e t  t o  5 w h i c h  
p e r f o r m s  a  f l a s h  c a l c u l a t i o n ) .
ITCNT = I n d i c a t e s  t h e  o u t p u t  f o r m a t  f o r  t h e  
PVT p r o p e r t i e s :
1 - " c o m p l e t e "  s t y l e  o f  o u t p u t
2 - " su m r oa r y"  s t y l e  o f  o u t p u t
NUNIT = I n d i c a t e s  t h e  f e e d  i n p u t  u n i t s :
1 -mo 1 e s / h r
2 - p o u n d s / h r
3 - b a r r e l  s / d a y
IP = F e e d  o r i g i n  ( r e c o m me n d e d  t h a t  t h i s
v a r i a b l e  be  s e t  t o  1 w h i c h  s a y s  a  
new f e e d  i s  b e i n g  c a l c u l a t e d  u p o n ) .
IPH = E n t h a l p y / E n t r o p y  o r i g i n  ( v a r i a b l e  
i s  s e t  t o  1 , n o t  r e q u i r e d  i n  
c a l c u l a t i o n s ) .
1ST = S t a r t i n g  t e m p e r a t u r e  ( * ¥ ) ,  t h i s
v a r i a b l e  i s  t h e  i n p u t  w e l l h e a d  
t e m p e r a t u r e .
TEND = E n d i n g  t e m p e r a t u r e  ( *^ ) ,  s e t  t o
z e r o  b e c a u s e  t h i s  v a r i a b l e  i s  n o t  
r e q u i r e d  i n  t h e  c a l c u l a t i o n s .
DELT = T e m p e r a t u r e  i n c r e m e n t  ( ^ ) ,  s e t  t o  
z e r o  b e c a u s e  t h i s  v a r i b l e  i s  n o t  
r e q u i r e d  i n  t h e  c a l c u l a t i o n s .
PST = S t a r t i n g  p r e s s u r e  ( p s i a ) ,  t h i s
v a r i a b l e  i s  t h e  i n p u t  w e l l h e a d  
p r e s s u r e .
PEND = E n d i n g  p r e s s u r e  ( p s i a ) ,  s e t  t o  z e r o  
b e c a u s e  t h i s  v a r i a b l e  i s  n o t  
r e q u i r e d  i n  t h e  c a l c u l a t i o n s .
DELP = P r e s s u r e  i n c r e m e n t  ( p s i a ) ,  s e t  t o
z e r o  b e c a u s e  t h i s  v a r i a b l e  i s  n o t
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NOTE:
CARDS. .9. 10 .;
VARIABLES:
FORMAT:
DESCRIPTION:
NOTE:
CARD 11;
VARIABLES:
FORMAT:
DESCRIPTION;
r e q u i r e d  i n  t h e  c a l c u l a t i o n s .
FRAC = F r a c t i o n  o f  f e e d  t h a t  i s  l i q u i d
( r e c o m me n d e d  t h a t  t h i s  v a r i a b l e  be  
s e t  t o  0 . 5 ) .
HSP = S p e c i f i e d  e n t h a l p y / e n t r o p y ,  s e t  t o  
z e r o  b e c a u s e  t h i s  v a r i a b l e  i s  n o t  
r e q u i r e d  i n  t h e  c a l c u l a t i o n s .
CARD 8  i s  n o t  i n c l u d e d  i n  t h e  c o m p u t e r  
p r o g r a m  TENSAP2.
I DCS
FI
( 1 0 1 8 )
( 1 0 F 8 . 1 )
IDCS = A r r a y  c o n t a i n i n g  t h e  i d e n t i f i c a t i o n
number  o f  t h e  c o m p o n e n t s  a c c o r d i n g  
t o  t h e  GPA*SIM [ 1 9 8 0 ]  u s e r ’ s  m a n u a l .  
FI  = A r r a y  c o n t a i n i n g  t h e  p r o p o r t i o n  o f
t h e  c o m p o n e n t s  i n  t h e  f e e d  
( r e p o r t e d  a s  m o l e s / h r ) .
CARDS 9 & 10 a r e  i n  s e q u e n c e  ( o n e  m u s t  f o l l o w
t h e  o t h e r ) .  T h e r e  c a r d s  a r e  n o t  i n c l u d e d  i n  
t h e  c o m p u t e r  p r o g r a m  TENSAP2.
BPN,CBPE,CTOT,DEH,DEHP,DTURB,FE,GCONST,PE,
PERMR.Pl 
f r e e  f o r m a t
BPN = Back  p r e s s u r e  t e s t  e x p o n e n t  f o r  t h e
r e s e r v o i r  ( n ) .
CBPE = Back  p r e s s u r e  t e s t  c o n s t a n t  f o r  t h e  
r e s e r v o i r  ( C ) .
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CARt). I Z i
VARIABLES;
FORMAT:
CTOT = T o t a l  f l u i d s  c o m p r e s s i b i l i t y ,
( p s i “ ^ ) .
DEH = T h i c k n e s s  o f  t h e  r e s e r v o i r ,  ( t r u e  
v e r i t c a l  d e p t h ,  f e e t ) .
DEHP = The p e r f o r a t e d  i n t e r v a l  o f  t h e  w e l l ,  
( m e a s u r e d  d e p t h ,  f e e t ) .
DTURB = The Ramey "D” t e r m  f o r  n o n - D a r c y
( t u r b u l e n t )  f l o w  i n  D a r c y ’ s e q u a t i o n  
f o r  p s u e d o - s t e a d y  s t a t e  f l o w ,
(MMSCFD-^).
FE = Flow e f f i c i e n c y ,  ( f r a c t i o n ) .
GCONST = C o n s t a n t  u s e d  i n  d e t e r m i n i n g  t h e
e r o s i o n a l  v e l o c i t y  i . e . ,  t h e  C v a l u e
i n  t h e  e x p r e s s i o n  " C / ( p )  ^  r a n g e s
f rom 75 t o  2 0 0 .  I t  i s  r ecommended  
t o  l e t  C=100 t o  125.
FE = R e s e r v i o r  p r e s s u r e ,  ( p s i a ) .
PERMR = P e r m e a b i l i t y  o f  t h e  r e s e r v o i r ,
( m d . ) .
PI = Wel l  p r o d u c t i v i t y  i n d e x ,  ( S T B / P S l ) .
PORS, PTEST, PTESTB, QMMX, QTEST, QTESTB, RE,
RPERM,RW,SAREA 
f r e e  f o r m a t
DESCRIPTION; PORS = The a v e r a g e  p o r o s i t y  o f  t h e
r e s e r v o i r ,  (%).
PTEST = Flow t e s t  p r e s s u r e  p o i n t  a b o v e  t h e  
b u b b l e  p o i n t  p r e s s u r e ,  u s e d  i n  
V o g e l ’ s c o r r e l a t i o n .
PTESTB = Flow t e s t  p r e s s u r e  p o i n t  b e l o w  t h e  
b u b b l e  p o i n t  p r e s s u r e ,  u s e d  i n  
V o g e l ’ s c o r r e l a t i o n .
QMMX = Maximum f l o w r a t e  o f  i n t e r e s t  f o r  t h e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-234-
p r o d u c i n g  w e l l  (gas-MMSCFD, 
o i 1 - 1 0 0 -STBO/DAY). V a l u e  g i v e n  w i l l  
c a u s e  p l o t s  t o  s p a n  0  t o  a  m u l t i p l e  
o f  10 MMSCFD o r  1 0 0 -BPD, i . e . ,  a  
v a l u e  o f  15 w i l l  p l o t  a n  x - a x i s
0 - 2 0 ,  20 w i l l  p l o t  0 - 3 0 .
QTEST = Flow t e s t  r a t e  p o i n t  a b o v e  t h e  
b u b b l e  p o i n t  p r e s s u r e ,  u s e d  i n  
V o g e l ’ s c o r r e l a t i o n .
QTESTB = Flow t e s t  r a t e  p o i n t  b e l o w  t h e  
b u b b l e  p o i n t  p r e s s u r e ,  u s e d  i n  
V o g e l ’ s c o r r e l a t i o n .
RE = E x t e r n a l  r a d i u s  o f  t h e  r e s e r v o i r ,
( f t . ) .
RPERM = R e l a t i v e  p e r m e a b i l i t y  o f  r e s e r v o i r
f l u i d .
RW = W e l l b o r e  r a d i u s ,  ( i n . ) .
SAREA = The a r e a  o f  t h e  s u r f a c e  a r e a l  e x t e n t
o f  t h e  r e s e r v o i r ,  ( f t ^ . ) .
CARD 13:.
VARIABLES;
FORMAT:
DESCRIPTION!
SKN,T1ME 
f r e e  f o r m a t
SKN = S k i n  f a c t o r  f o r  t h e  r e s e r v o i r .
TIME = The p r o d u c i n g  t i m e  f o r  t h e
r e s e r v o i r ,  ( h r s . ) .
CARD 14:
VARIABLES:
FORMAT:
DESCRIPTION!
ISHAPE,1PR,NIPR,NTYPE 
f r e e  f o r m a t
ISHAPE = I d e n t i f i c a t i o n  s cheme  w h i c h
i d e n t i f i e s  t h e  a r e a l  s h a p e  o f  t h e  
r e s e r v o i r .  The  a r e a l  s h a p e  i s  an  
i m p o r t a n t  f a c t o r  when c a l c u l a t i n g
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I PR c u r v e  u s i n g  D a r c y ’ s  e q u a t i o n  
( p s e u d o - s t e a d y  s t a t e  f l o w ) .  The 
i d e n t i f i c a t i o n  s cheme  i s  s hown i n  
d e t a i l  i n  t h e  a r t i c l e  by  A . S .  Odeh,  
M o b i l ,  " P s e u d o s t e a d y  S t a t e  F low 
E q u a t i o n  a n d  P r o d u c t i v i t y  I n d e x  f o r  
a  w e l l  w i t h  N o n c i r c u l a r  D r a i n a g e  
A r e a " ,  w h i c h  c a n  be  f o u n d  i n  t h e  
" I n f l o w  P e r f o r m a n c e "  s e c t i o n  o f  t h e  
J o h n s t o n - F 1o p e t r o 1 r e d  c o u r s e  
m a n u a l .  I s h a p e  = 1  i s  a  c i r c u l a r  
r e s e r v o i r ;  = 2  i s  s e c o n d  e n t r y  i n  
l e f t  c o l u m n  o f  a r t i c l e ;  e t c .
IPR = D e t e r m i n e s  t h e  e q u a t i o n  u s e d  i n  
c a l c u l a t i n g  t h e  1 PR ( i n f l o w  
p e r f o r m a n c e  r e l a t i o n s h i p )  c u r v e  f o r
a p a r t i c u l a r  r e s e r v o i r ,  ( * - f l u i d  
p r o p e r t i e s  a r e  c a l c u l a t e d  a t  
r e s e r v o i r  t e m p e r a t u r e  a n d  p r e s s u r e ;
( * * - f l u i d  p r o p e r t i e s  a r e  c a l c u l a t e d  
a t  r e s e r v o i r  t e m p e r a t u r e  a n d  t h e  
a v e r a g e  b e t w e e n  s a n d f a c e  a n d  
r e s e r v o i r  p r e s s u r e ) .  The s e l e c t i o n  
c o d e  i s  a s  f o l l o w s :
= 1 B a c k p r e s s u r e  t e s t  ( g a s  o r
w e t  g a s ) *
= 2 D a r c y ’ s  ( g a s  o r  w e t  g a s ) *
= 3 J o n e s ’ ( g a s  o r  w e t  g a s ) *
= 4 T r a n s i e n t  ( g a s  o r  we t  g a s ) *
= 5 B a c k p r e s s u r e  t e s t  ( g a s  o r
w e t  g a s )
6  D a r c y ’ s ( g a s  o r  w e t  g a s ) * *
7 J o n e s ’ ( g a s  o r  w e t  g a s ) * *
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= 8  T r a n s i e n t  ( g a s  o r  we t  g a s ) * *
= 9 C o n s t a n t  PI ( o i l ) *
= 10 D a r c y ’ s ( o i l ) *
= 11 J o n e s ’ ( o i l ) *
= 12 T r a n s i e n t  ( o i l ) *
= 13 V o g e l - D a r c y  ( o i l ) *
= 14 Vogel  ( o i l ) *
= 15 D a r c y ’ s ( o i l ) * *
= 16 J o n e s ’ ( o i l ) * *
= 17 T r a n s i e n t  ( o i l ) * *
= 16 V o g e l - D a r c y  ( o i l ) * *
= 19 V o g e 1 ( o i l ) * *
NIFR =  Number  o f  IPR c u r v e s .
NTYPE = I n d i c a t e s  w h i c h  s i t u a t i o n  b e s t  f i t s  
t h e  p r e s s u r e  b e h a v i o r  o f  a  r e s e r v o i r  
f o r  d e t e r m i n i n g  t h e  maximum f l o w r a t e  
u s e d  i n  V o g e l ’ s c o r r e l a t i o n ;  
s e l e c t i o n  c o d e :
= 1 PE<PB, PI i s  unknown
= 2 PE<PB, PI i s  d e t e r m i n e d  f rom
f l o w  t e s t  
= 3 PE>PB, PI  i s  unknown
= 4 PE>PB,  PI i s  d e t e r m i n e d  f rom
f l o w  t e s t  a b o v e  b u b b l e  p o i n t  
p r e s s u r e .
= 5 PE>PB, PI i s  d e t e r m i n e d  f r om
f l o w  t e s t  b e l o w  b u b b l e  p o i n t  
p r e s s u r e .
CARD., .15.»
VARIABLES: BAL,GRAVLL,NSPF,PERFD,PERFL,PERMG,YBETA
FORMAT: f r e e  f o r m a t
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DESCRIPT ION! BAL = Co mp a c t e d  z o n e  p e r m e a b i l i t y  f a c t o r ,  
( f r a c t i o n ) .
GRAVLL = G r a v e l  p a c k  f l o w  p a t h  l e n g t h ,  i . e .  
d i s t a n c e  f r om s c r e e n  o . d .  t o  
s a n d f a c e ,  ( i n . ) .
NSPF = S h o t  d e n s i t y  f o r  a  p e r f o r a t e d
i n t e r v a l ,  2 JSPF ,  12 JSPF ,  e t c .  
i n t e r v a l .
PERFD = D i a m e t e r  o f  t h e  p e r f o r a t i o n ,  ( i n . ) .
PERFL = L e n g t h  o f  l i n e a r  f l o w  p a t h
( p e r f o r a t i o n  l e n g t h )  f o r  o p e n  
p e r f o r a t i o n s ,  i . e .  d i s t a n c e  f r om 
s a n d f a c e  t o  end  o f  p e r f o r a t i o n  
t u n n e 1 , ( i n . ) .
PERMG = P e r m e a b i l i t y  o f  g r a v e l ,  ( m d . )
AVERAGE GRAVEL " k"  VALUES
SIEVE SIZE md.
10-20
1 6 - 3 0
2 0 - 4 0
4 0 - 6 0
5 0 0 . 0 0 0
2 5 0 . 0 0 0
1 1 9 . 0 0 0  
4 5 , 0 0 0
YBETA = A v a l u e  o f  v e l o c i t y  c o e f f i c i e n t
s u p p l i e d  by t h e  u s e r :  I f  IBETA = 0
t h e n  a  v a l u e  o f  YBETA mu s t  be  g i v e n ,  
I f  IBETA > 0 t h e n  YBETA i s  t o  be  0 ;  
h o w e v e r ,  i f  IBETA = 2 ,  YBETA t u r n s  
i n t o  a  s e l e c t i o n  o p t i o n  f o r  w h i c h  
"A" a n d  "B" t e r m s  t o  b e  u s e d  i n  
C o o k e ’ s e q u a t i o n  ( s e e  IBETA).
CARD 16:
VARIABLES; IBETA,1PDP,NC0MP
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FORMAT; free format
DESCR1PTI ON ; IBETA = I n t e g e r  v a l u e  t o  d e t e r m i n e  v e l o c i t y
c o e f f i c i e n t  :
= 0 I n d i c a t e s  a  v a l u e  o f  P w i l l  be 
f u r n i s h e d  by t h e  v a r i a b l e  
"YBETA".
= i  p = 1 0 ^ / \/T< , k i n  md.
(CONOCO -  Me Leod E q u a t i o n )  
N o t e :  g i v e s  o p t i m i s t i c  
r e s u l t s .
= 2 p = 3 . 0 8 8 9 ( 1 0 7 ) B / k A ,  k i n
d a r c y  ( C o o k e ’ s e q u a t i o n  -  f o r  
u n c o n s o l i d a t e d  s a n d s  an d  
g r a v e l s ) ,  v a l u e s  f o r  c o n s t a n t s  
( a f t e r  Cooke )  a r e  shown b e l o w :
Sand  S i z e  B A YBETA
8 -1 2 3 . 3 2 1 . 2 4 1
1 0 -2 0 2 . 6 3 1 . 3 4 2
2 0 - 4 0 2 . 6 5 1 . 5 4 3
4 0 - 6 0 1 .1 0 1 . 6 0 4
i n
( 4 0 - 6 0  i s  p r o g r a m  d e f a u l t  
v a l u e ,  YBETA=0) N o t e :  may
g i v e  c o n s e r v a t i v e  r e s u l t s .
= 3 p = i o ^ G . 5  -  0 . 9 5 1 o g ( k ) ] ^  k 
d a r c y  ( S a u c i e r  e q u a t i o n ) .
= 4 p = 1 . 4 7 ( 1 0 ^ ) / k ^ ' S S ,  k i n  md. 
( F i r o o z a b a d i  & K a t z  e q u a t i o n  - 
f o r  u n c o n s o l i d a t e d  s a n d s  a nd  
g r a v e l s )  N o t e :  t h i s  i s  
F 1o p e t r o 1- J o h n s t o n  Maaco 
d e f a u l t  v a l u e  f o r  t h e i r
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r o u t i n e  a n a l y s i s .
= 5 P = i o ^ S ' 7  ” l o g ( k ) ] ^  k i n
d a r c y  ( T e n n e c o  Oi l  e q u a t i o n  -  
f o r  r e s i n - c o a t e d  s l u r r y  p a c k s )  
N o t e :  s e e  SPE p a p e r  #119 6 4
f o r  more  i n f o r m a t i o n .
•IPDF = D e t e r m i n e s  t h e  e q u a t i o n s  u s e d  i n
c a l c u l a t i n g  t h e  p r e s s u r e  d r o p  a c r o s s  
t h e  p e r f o r a t i o n s  f o r  a  p a r t i c u l a r  
c o m p l e t i o n .  The i d e n t i f i c a t i o n  
s c h e me  i s  a s  f o l l o w s :
= 0 Open h o l e
= 1 G r a v e l  p a c k  c o m p l e t i o n ,  ( g a s  
o r  w e t  g a s )
= 2 Open p e r f o r a t e d  c o m p l e t i o n ,  
(gas or wet  g a s )
= 3 G r a v e l  p a c k  c o m p l e t i o n ,  ( o i l )
= 4 Open p e r f o r a t e d  c o m p l e t i o n ,
( o i  1 )
NCOMP = Number  o f  c o m p l e t i o n  c u r v e s .
NOTE: CARDS 11 - 16 a r e  o m i t t e d  i f  ITRAV i s
e q u a l  t o  z e r o .
CARD 17;
VARIABLES: AINC, NPPRT, PMAX, PM IN, QMAX, QMIN, DEPMAX,
DEPMIN,N1FL,N0FL
FORMAT : f r e e  f o r m a t
DESCR1P T 1 ON : AINC = Number  u s e d  t o  d e t e r m i n e  t h e  number
o f  f l o w  r a t e  c a l c u l a t i o n s  t o  be  made 
on a  t u b i n g  p e r f o r m a n c e  c u r v e .  
P r o g r a m  i s  s e t  up  t o  p l o t  t h e  x - a x i s
a s  0 - 1 0 ,  0 - 2 0 ,  0 - 3 0 ,  e t c .  f o r
100 "BPD o r  MMSCFD. The numbe r  o f  
f l o w  r a t e  v a l u e s  c a l c u l a t e d  i s  t h e  
maximum v a l u e  on t h e  x - a x i s  a s  j u s t
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d e s c r i b e d  m u l t i p l i e d  by 10 an d  
d i v i d e d  by AINC. F o r  e x a m p l e ,  a
0 - 2 0  s c a l e  ( a x i s  s hows  0 t o  2 0 0 0  BPD 
o r  20  MMSCFD) w i l l  c a l c u l a t e  
2 0 ' 1 0 / A l N C  v a l u e s .  I f  AINC = 10,  
t h e n  20  p o i n t s  p e r  t u b i n g  c u r v e  w i l l  
b e  c a l c u l a t e d .
NPPRT = I s  t h e  number  o f  f l o w  r a t e  v e r s u s  
p r e s s u r e  p o i n t s  f o r  a  p a r t i c u l a r  
s u r f a c e  p r e s s u r e  t h a t  w i l l  be 
p r i n t e d  on a  p r i n t - o u t .  The number  
o f  p o i n t s  c a l c u l a t e d  i s  d e f i n e d  by 
"AINC" a s  d e s c r i b e d  a b o v e .  F o r  
e x a m p l e ,  i f  20  p o i n t s  a r e  c a l c u l a t e d  
t h e n  a  v a l u e  o f  20 f o r  NPPRT w i l l  
p r i n t  e v e r y  p o i n t ;  h o w e v e r ,  a  v a l u e  
o f  10 f o r  NPPRT w i l l  p r i n t  e v e r y  
o t h e r  p o i n t  i n  t h i s  e x a m p l e ,  e t c .
PMAX = Maximum p r e s s u r e  v a l u e  on p l o t t i n g  
s c a l e ;  m u s t  be  i n d i c a t e d  o r  a  p l o t  
w i l l  n o t  be  p r o d u c e d .  B e s t  t o  k e e p  
t h e  v a l u e  a s  a  m u l t i p l e  o f  t e n  
( 5 0 0 0 ,  5 0 0 ,  5 5 0 ,  e t c . ) .
PMIN = Minimum p r e s s u r e  v a l u e  on t h e
p l o t t i n g  s c a l e ;  u s u a l l y  t h i s  v a l u e  
i s  z e r o  w h i c h  i s  r ecommended  i n p u t .  
B e s t  t o  k e e p  t h e  v a l u e  a s  a  m u l t i p l e  
o f  t e n  ( 4 0 0 ,  5 0 0 ,  7 0 0 ,  750 ,  e t c . ) .
QMAX = Maximum f l o w r a t e  v a l u e  on p l o t t i n g  
s c a l e ;  i f  e q u a l  t o  z e r o ,  a  v a l u e  i s  
d e t e r m i n e d  by p r o g r a m .  B e s t  t o  k e e p  
t h e  v a l u e  a s  a  m u l t i p l e  o f  t e n  ( 10 ,  
2 0 ,  3 0 ,  40 ,  50 ,  e t c . ) .
QMIN = Minimum f l o w r a t e  v a l u e  on p l o t t i n g  
s c a l e ;  i f  e q u a l  t o  z e r o ,  a  v a l u e  i s  
d e t e r m i n e d  by p r o g r a m .  B e s t  t o
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C .A fiP -l,8 .s.
VARIABLES;
FORMAT:
k e e e p  t h e  v a l u e  a s  a  m u l t i p l e  o f  t e n  
( 1 0 ,  20 ,  3 0 , 4 0 ,  50 ,  e t c . ) .
DEPMAX = Maximum d e p t h  v a l u e  on t h e  p l o t t i n g  
s c a l e .  B e s t  t o  k e e p  t h i s  v a l u e  a s  a 
m u l t i p l e  o f  t e n  ( 1 0 0 0 0 ,  11000 ,
1 2 00 0 ,  e t c . ) .  A p l o t  w i l l  s t i l l  be 
g e n e r a t e d  i f  t h i s  v a l u e  i s  e q u a l  t o  
z e r o .
DEFMIN = Minimum d e p t h  v a l u e  on t h e  p l o t t i n g  
s c a l e .  B e s t  t o  k e e p  t h i s  v a l u e  a s  a 
m u l t i p l e  o f  t e n  ( 1 0 0 0 0 ,  11000 ,
1 2 00 0 ,  e t c . ) .  A p l o t  w i l l  s t i l l  be  
g e n e r a t e d  i f  t h i s  v a l u e  i s  e q u a l  t o  
z e r o .
NIFL = D e g r e e  o f  i n t e r p o l a t i o n  u s e d  f o r  
i n t e r p o l a t i n g  b e t w e e n  v a l u e s  o f  
p r e s s u r e  on t h e  i n f l o w  c u r v e s  
( c o m p l e t i o n  a n d  1 PR c o m b i n e d ) .  The 
m e t h o d  o f  i n t e r p o l a t i o n  e m p l o y ed  i s  
t h e  L a g r a n g e  f o r m u l a .  S u g g e s t e d  
v a l u e s  t o  u s e  a r e  e i t h e r  1 o r  2.
T h i s  v a l u e  i s  o n l y  i n p u t  when 
s e n s i t i v i t y  p l o t s  a r e  r e q u e s t e d .
NÜFL = D e g r e e  o f  i n t e r p o l a t i o n  u s e d  f o r  
i n t e r p o l a t i n g  b e t w e e n  v a l u e s  o f  
p r e s s u r e  on t h e  o u t f l o w  c u r v e s  
( t u b i n g ) .  The m e t h o d  o f  
i n t e r p o l a t i o n  e m p l o y e d  i s  t h e  
L a g r a n g e  f o r m u l a .  S u g g e s t e d  v a l u e s  
t o  u s e  a r e  e i t h e r  1 o r  2.  T h i s  
v a l u e  i s  o n l y  i n p u t  when s e n s i t i v i t y  
p l o t s  a r e  r e q u e s t e d .
PVTP,PVTRS,PVTBO,PVTVS 
f r e e  f o r m a t
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DESCRIPTION: PVTP
PVTRS
PVTBO
PVTVS
= One-dimensional array containing the
p r e s s u r e  r e a d i n g s  a t  w h i c h  PVT 
m e a s u r e m e n t s  w e r e  p e r f o r m e d .
= O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
a c t u a l  m e a s u r e d  v a l u e s  f o r  s o l u t i o n  
GORs, (SCF/STB) .
= O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
a c t u a l  m e a s u r e d  v a l u e s  f o r  o i l  
f o r m a t i o n  vo l ume  f a c t o r s ,  (BBL/STB) .
= O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
a c t u a l  m e a s u r e d  v a l u e s  f o r  o i l  
v i s c o s i t y ,  ( c p ) .
NOTE: CARD 18 i s  r e p e a t e d  u n t i l  t o t a l  number  o f  PVT
m e a s u r e m e n t s  (NPVT) h a v e  b e e n  e n t e r e d .  CARD 
18 i s  o m i t t e d  i f  NPVT i s  e q u a l  t o  z e r o .
C.A£D--1.9-i
VARIABLES:
FORMAT:
DESCRIPTION!
PARMC( 1 1 , 1 ) , PARMC(I I , 2 ) , IPARM 
f r e e  f o r m a t
PARMC = T w o - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e
p a r a m e t e r  c h a n g e s  w i t h  d e p t h .
IPARM = O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
v a l u e s  o f  t h e  s e l e c t i o n  p a r a m e t e r  
u s e d  i n  t u b i n g  c h a n g e s ;  t h e  
s e l e c t i o n  c o d e  i s :
1-DIA,  2-ED,  3-ANG, 4-GLR
NOTE: CARD 19 i s  r e p e a t e d  u n t i l  t o t a l  number  o f
t u b i n g  c h a n g e s  (NPARM) h a v e  b e e n  e n t e r e d .  
CARD 19 IS o m i t t e d  i f  NPARM i s  e q u a l  t o  z e r o .
CARD 2 0 :
VARIABLES: PARMT(I I , 1 ) ,PARMT(1 1 , 2 )
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free format
DESCR1P T 1 ON : PARMT = T w o - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e
m e a s u r e d  t e m p e r a t u r e s  w i t h  TVD.
NOTE: CARD 20  i s  r e p e a t e d  u n t i l  t o t a l  number  o f
t e m p e r a t u r e  g r a d i e n t  m e a s u r e m e n t s  (NPARMT) 
h a v e  b e e n  e n t e r e d .  CARD 20  IS o m i t t e d  i f  
NPARMT i s  e q u a l  t o  z e r o .
CARD .21:.
VARIABLES:
FORMAT:
DESCRIPTION:
DMACT,DVACT,PRACT
f r e e  f o r m a t
DMACT = O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e
m e a s u r e d  d e p t h  v a l u e s  f ro m a  f l o w i n g  
p r e s s u r e  t r a v e r s e  s u r v e y .
DVACT = O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
m e a s u r e d  t r u e  v e r t i c a l  d e p t h  v a l u e s  
f rom a  f l o w i n g  p r e s s u r e  t r a v e r s e  
s u r v e y .
PRACT = O n e - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
p r e s s u r e  r e a d i n g s  f o r  a  f l o w i n g  
p r e s s u r e  t r a v e r s e  s u r v e y .
NOTE: CARD 21 i s  r e p e a t e d  u n t i l  t o t a l  number  o f
a c t u a l  t r a v e r s e  d a t a  (NACT) h a v e  b e e n  
e n t e r e d .  CARD 21 IS o m i t t e d  i f  NACT a n d  
ITRAV i s  e q u a l  t o  z e r o .
CARD 2 2 ; .
DESCRIPTION: D a t e  o f  Run ( up  t o  16 c h a r a c t e r s )
CARD . 2 3 ;
DESCRIPTION: Your  Name (up t o  16 c h a r a c t e r s )
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CARD 2 4 :
DESCRIPTION: Location of well (up to 28 characters).
CARD-25-L
DESCRIPTIGN!
CARD 2 6 ;
DESCRIPTION!
NOTE:
D e s c r i p t i o n  o f  w e l l  ( up  t o  26  c h a r a c t e r s ) .
Name o f  I n p u t  d a t a  f i l e  ( u p  t o  6 c h a r a c t e r s ) .  
CARDS 2 2 - 2 6  a r e  o m i t t e d  i f  IPLOT i s  e q u a l  t o  
z e r o .
The  r e m a i n i n g  c a r d s  a r e  i n p u t t e d  u s i n g  t h e  f o l l o w i n g  c o d e  
s h e e t s  shown on p a g e s  2 46  -  2 4 8 .  D e f i n i t i o n s  o f  t h e  
r e m a i n i n g  v a r i a b l e s  a r e  shown b e l o w :
ANG = A n g l e  o f  f l o w  f r o m  h o r i z o n t a l ,
( d e g ) .  T h i s  i s  n o t  t h e  i n c l i n a t i o n  
a n g l e  i n  a  d i r e c t i o n a l  s u r v e y  b u t  
t h e  f o 1 l o w i n g :
ANG = ( 9 0  -  I n c l i n a t i o n  A n g l e )  
IPARAS = O n e - d i m e s n i o n a l  a r r a y  c o n t a i n i n g  t h e  
v a l u e s  o f  t h e  s e l e c t i o n  p a r a m e t e r  
u s e d  i n  t h e  s e n s i t i v i t y  a n a l y s i s ;  
t h e  s e l e c t i o n  p a r a m e t e r  v a l u e s  a r e  
a s  f o i l o w s :
1-GLR, 2-WC, 3 - D l A ,  4 - IPR, 5 - l P D P ,  
6 - lCORR,  7-PWH, 8-QTOT, 9-DEHP,  
iO-DEH,  1 1 -NSPF,  12-BAL,  13-PERFD,  
14-PERFL,  15-YBETA, 16-PERMG, 
17-GRAVLL, 18-PORS,  19-PERMR, 
2 0 - P E ,  2 1 - B P ,  22-TRES,  23-ED,  
24-SKN,  25- T l ME,  26 - RE,  27-RW, 
28-SAREA,  2 9 - ISHAPE, 30-QTEST,  
31 -PTEST,  3 2 - P l ,  33-SGH20,  3 4 - A P l ,
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35-SGPG,  36-TVD,  37-TMD, 38-TWH, 
39-TBH,  40-RPERM, 41-QTESTB,  
42-PTESTB,  43-DTURB, 44-BPN,  
45-CBPE,  46-CTOT,  47-GCONST, 
48- lUNLO,  49-ICOND,  5 0 - IBETA 
SPARM = T w o - d i m e n s i o n a l  a r r a y  c o n t a i n i n g  t h e  
s e n s i t i v i t y  v a l u e s  u s e d  i n  t h e  
s y s t e m s  a n a l y s i s  p r o g r a m .  The  f i r s t  
v a l u e  i s  a l w a y s  i n p u t  a s  t h e  b a s e  
c a s e .  Up t o  50  d i f f e r e n t  i t e m s  c a n  
be  s e n s i t i z e d  w h i c h  w e r e  d i s c u s s e d  
e a r l i e r  ( s e e  IPARAS).  T h r e e  
d i f f e r e n t  v a l u e s  o f  one  i t e m  c a n  be 
s e n s i t i z e d  i n  o n e  c a s e .
A s a m p l e  r u n  s h o w i n g  t h e  o u t p u t  r e s u l t s  f o r  t r a v e r s e s  f rom 
c o m p u t e r  p r o g r a m s  TENSAPC a n d  TENSAP2 a r e  shown on p a g e s  
249  -  2 5 4 ,  w h i l e  o u t p u t  r e s u l t s  f o r  t h e  c o m p u t a t i o n  o f  a  
s e t  o f  s y s t e m s  a n a l y s i s  c u r v e s  a r e  g i v e n  on p a g e s  255  -  
2 6 8 .  The l o g i c  d i a g r a m  f o r  b o t h  c o m p u t e r  p r o g r a m s  i s  
i l l u s t r a t e d  on p a g e s  267  -  2 7 4 .
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27
28
29
30
31
32
SYSTEMS ANALYSIS - CODE SHEET
IPR SENSITIVITY
K» I f  NIPR e q u a l s  o n e ,  go t o  l i n e  33  
IPARAS( i )
SPARM(1,1)  SPARM(1,2)  SPARM(1,3)  SPARM(1,4)  SPARM(1,5)
IPARAS(2)
** I f  IPARASC2) e q u a l s  z e r o ,  go t o  l i n e  31 
SPARM(2,1)  SPARM(2,2)  SPARM(2,3)  SPARM(2,4)  SPARM(2,5)
IPARAS(3)
** I f  IPARAS(3)  e q u a l s  z e r o ,  go t o  l i n e  33 
SPARM(3,1)  SPARM(3,2)  SPARM(3,3)  SPARM(3,4)  SPARM(3,5)
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SYSTEMS ANALYSIS - CODE SHEET
TUBING SENSITIVITY
** I f  NTUB e q u a l s  o n e ,  go t o  l i n e  39 
IPARAS(l )
33
S P A R M ( i , l )  SPARM(i , 2 )  SPARM(1,3)  SPARM(1,4)  SPARM(1,5)
34
I PARAS( 2 )
35
** I f  IPARASC2) e q u a l s  z e r o ,  go t o  l i n e  37 
SPARM(2,1)  SPARM(2,2)  SPARM(2,3)  SPARM(2,4)  SPARM(2,5)
36
I PARAS(3)
37
** I f  IPARASC3) e q u a l s  z e r o ,  go t o  l i n e  39 
SPARM(3,1)  SPARM(3,2)  SPARM(3,3)  SPARM(3,4)  SPARM(3,5)
38
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39
40
41
42
43
44
SYSTEMS ANALYSIS - CODE SHEET
COMPLETION SENSITIVITY
KK I f  IPDF e q u a l s  z e r o  o r  NCOMP e q u a l s  o n e ,  no 
a d d i t i o n a l  d a t a  r e q u i r e d .
I PARAS(1)
SPARM( 1 , 1 )  SPARM(1,2)  SPARM(1,3)  SPARM(1,4)  SPARM(1,5)
IPARAS( 2 )
** I f  IPARASC2) e q u a l s  z e r o ,  go t o  l i n e  43 
SPARM(2,1)  SPARM(2,2)  SPARM(2,3)  SPARM(2,4)  SPARM(2,5)
I PARAS(3)
** I f  IPARASO)  e q u a l s  z e r o ,  no a d d i t i o n a l  d a t a  
r e q u i r e d .
SPARM(3,1)  SPARM(3,2)  SPARM(3,3)  SPARM(3,4)  SPARM(3,5)
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TÆ  FOLLOWING IS  THE INPUT DATA
< 9 .0  0 2 . « 1  0 .0 0 0 6  0 .<  2 2 3 3 9 .0  I S . 025 1015 2051 206 22530  1 0 .6 0 7  
21 2  12116 0 21 2  8 0  102 1 1 8 1 6 .1 5  102 0 0 .9 2  0 0 .5  
0 1 4  1 0 1 3 0 3 1 
0 0 1 9 2 5  7 9 0 1 1 
1 1 1 1  4 3 .2 9 3  1 7 .5 1 1  9 0 .1 5
CASE NO. 2  -  PRESSURE TRAVERSE -  HACEDORN AND BROWN (COMP.) 1 1 - 2
C1S« 71 4 6 0 .0  < 0 .8  1 8 0 .2  1 2 5 4 .7  3 6 3 .6  0 .0  0 .0  0 .0
C23* 72 7 1 5 .0  2 8 .8  3 1 6 .6  1 4 8 7 .2  1 9 2 .0  0 .0  0 .0  0 .0
17 5  1 1 1 1  1 0 2 .0  0 .0  0 .0  2 8 6 6 .0  0 .0  0 .0  0 .5
49  46  2  3 4 5  6 7 a  10
1 .5 5 6 3  4 .8 4 1 8 4 7 7 .7 2 3 8  1 5 .3 5 1 4  3 .6 2 0 2  2 .6 4 9 7  2 .7 6 7 0  1 .2 0 7 5  0 .9 9 7 4  1 .7 5 8 5  
11 12 13 14 15 71 72
2 .1 8 1 7  2 .2 2 7 6  1 .4 9 5 4  1 .3 1 9 9  0 .8 4 0 3  2 .9 6 7 5  0 .5 1 4 7
10 20 4 0 0 0  2500 0 0 13000 0 0 0 
5062 8 8 .0 6 2 5  3 
5 249  8 5 .3 3 3 0  3 
5529 7 7 .7 9 1 7  3 
5809 7 1 .0 0 0 0  3 
10340 7 3 .5 0 0 0  3 
10760 7 7 .6 0 0 0  3 
11460 8 2 .6 9 2 5  3
1 0 8 7 .0 0 0  1 1 2 .5
2 1 4 6 .0 0 0  123 .1
3 0 8 7 .0 0 0  1 3 4 .4
4 0 8 7 .0 0 0  1 4 5 .9
5 0 8 7 .0 0 0  1 5 6 .5
7 0 1 0 .0 0 0  1 7 6 .3
8 8 9 8 .0 0 0  1 9 3 .6
1 0 8 0 3 .0 0 0  2 0 5 .7
1 1 7 6 6 .0 0 0  2 0 5 .4
0 1 0 8 7 .0 0  2 9 3 2 .1 9
0 2 1 4 6 .0 0  3 0 3 1 .7 8  
0 3 0 8 7 .0 0  3 1 1 4 .3 0
0 4 0 8 7 .0 0  3 2 0 1 .7 0  
0 5 0 8 7 .0 0  3 2 9 2 .5 9  
0 7 0 1 0 .0 0  3 4 6 5 .3 5  
0 8 8 9 8 .0 0  3 6 5 1 .3 3  
0 1 0 8 0 3 .0 0  5 8 0 7 .3 6  
0 1 1 7 6 6 .0 0  3 8 9 3 .5 9  
FEB. 3 .  1987 
DAVID SUTTON 
c o r .  MODEL (SRK-MACBR)
BATON ROUGE 
CAS-COND.
CASE 2
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TUBINC DATA 
■■ ■■ ■■«■ «■■ as
DIAMETER U N ): 2 .4 4 1
ABSOLUTE ROUGHMESS U N ) : 0 .0 0 0 4 0 0 0
NELLHEAD PRESSURE (P S IA ): 2 8 5 1 .0 0
WELLHEAD TEMPERATURE (DEG. F ) i 1 0 2 .0 0
FLOWING BOTTOMHOLE TEMPERATURE (DEG. F ) : 2 1 2 .0 0
TOTAL MEASURED DEPTH (F T ): 1 2 1 1 4 .0 0
TRUE VERTICAL DEPTH (F T ): 1 1 8 1 4 .1 5
FLUID PROPERTIES 
a a a a a a a a a a a a a a a a a a
OIL GRAVITY (DEG. A P I) : 4 9 .0 0
BUBBLE POINT PRESSURE (P S IA ): 0 .0 0
GAS LIQUID RATIO (SCF/STBL): 2 2 3 5 0 .0 0
STANDARD PRESSURE (P S IA ); 1 5 .0 2 5
STANDARD TEMPERATURE (DEG. F ) : 8 0 .0 0
SEPERATOR PRESSURE (P S IA ): 1 0 1 5 .0 0 0
SEPERATOR TEMPERATURE (DEG. F ) ; 1 0 2 .0 0
INITIAL GOR (SCF/STBO): 2 2 3 5 0 .0 0
WATER SPECIFIC GRAVITY: 1 .0 0
PRODUCED CAS GRAVITY: 0 .4 1
ISOTHERMAL TEMPERATURE FOR PVT MEASUREMENTS (DEG. F ) : 0 .0 0
WATER CUT (% ): 0 .0 0
HOLE FRACTION OF CARBON DIOXIDE (% ): 0 .9 2
MOLE FRACTION OF HYDROGEN SULFIDE (% ): 0 .0 0
MOLE FRACTION OF NITROGEN (% ): 0 .3 0
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c a l c u l a tio n  OF PRESSURE TRAVERSE FOR MULTIPHASE FLOW 
WHERE THE HAGEOORN AND BROW METHOD IS  USED
WELL DEPTHCFEET) TRUE VERTICAL DEPTH(FEET) FLOWING PRESSURE(PSIA) FLOW R EG IIC
0 . 0 . 2 8 5 1 .
4 8 5 . 4 8 5 . 2895
949 . 949 . 2 9 5 4 .
1454. 1454. 2 9 7 8 .
1958. 1958. 5021.
2 4 2 5 . 2 4 2 5 . 5045.
2 9 0 7 . 2 9 0 7 . 5104.
5392 . 5 3 9 2 . 5148.
5876 . 5 8 7 6 . 3190.
4 3 6 1 . 4 5 6 1 . 5255
4 8 4 6 . 4 8 4 4 . 3275 ,
5 3 3 0 . 5 3 2 9 . 3517.
5 8 1 5 . 5 7 9 8 . 3357.
4 2 9 9 . 4 2 5 4 . 3598,
4 7 8 4 . 4 7 1 4 . 3458.
7268 . 7172 . 3478.
7755 . 7650 . 3519.
8 2 5 8 . 8 0 8 8 . 3559,
8 7 2 2 . 8 5 4 7 . 3599.
92 0 7 . 9005 . 3440.
9491 . 9 4 6 3 . 3481.
10176. 9 9 2 1 . 5722.
10660. 10585. 5765.
11145 . 10855. 5806.
11429 . 11531. 5849
12114 . 11811. 5895
HOLE PRESSURE ■ 5 8 9 2 .7 8 5 6  PSIA
FLOWATE ■ 2 0 4 .0 0  STBO/DAY
[C FLOWRATE » 0 .0 0  STBH/DAY
GAS VOLUMETRIC FLOWRATE * 4 . SO WSCF/DAV
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T Æ  FOLLOWING IS  THE INPUT DATA
6 9 .0  0 2 . 661 0 .0 0 0 6 0 .6  2 2 5 5 0 .0 15 .0 2 5
2 1 2  12116 0 212 80 102 1 1 8 1 6 .1 5 102 0
0 1 6  1 0 1 1 0  1 1
0 0  1 9 2 5  7 9 0 1 1
10 20  6000 2500 0 0 15000 0 0 0
506 2  8 8 . 0625 5
526 9  8 5 . 5550 5
552 9  7 7 . 7917 3
5 8 0 9  7 1 . 0000 5
10560 7 5 . 5000 5
10760 7 7 .6 0 0 0  5
11660 8 2 . 6925 5
1 0 8 7 .0 0 0 1 1 2 .5
2 1 6 6 .0 0 0 123 .1
5 0 8 7 .0 0 0 1 5 6 .6
6 0 8 7 .0 0 0 1 6 5 .9
5 0 8 7 .0 0 0 1 5 6 .5
7 0 1 0 .0 0 0 1 7 6 .3
8 8 9 8 .0 0 0 1 9 5 .6
1 0 8 0 5 .0 0 0 2 0 3 .7
1 1 7 6 6 .0 0 0 2 0 5 .6
0 1 0 8 7 .0 0  2 9 5 2 .1 9
0 2 1 6 6 .0 0  3 0 5 1 .7 8
0 5 0 8 7 .0 0  5 1 1 6 .5 0
0 6 0 8 7 .0 0  5 2 0 1 .7 0
0 5 0 8 7 .0 0  5 2 9 2 .5 9  
0 7 0 1 0 .0 0  5 6 6 5 .3 5
0 8 8 9 8 .0 0  5 6 3 1 .5 5  
0 1 0 8 0 5 .0 0  5 8 0 7 .5 6  
0 1 1 7 6 6 .0 0  5 8 9 5 .5 9  
FEB. 5 , 1987 
DAVID SUTTON 
CULLENDER AND SMITH 
BATON ROUGE 
CAS-COND.
CASE 2
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TUBING DATA
■■■■■■■■■■■■I
DIAMETER ( IN ) : 2 . «41
ABSOLUTE ROUGH»CSS ( I N ) : 0 .0 0 0 (0 0 0
tCLLHEAD PRESSURE (P S IA ): 2 8 5 1 .0 0
)CLLHEAD TEMPERATURE (DEG. F ) : 1 0 2 .0 0
FLOWING BOTTOmOLE TEMPERATURE (DEC. F ) : 2 1 2 .0 0
TOTAL MEASURED DEPTM (F T ) : 1 2114 .00
TRUE VERTICAL DEPTH (F T ): 1 1 8 U .1 S
FLUID PROPERTIES
OIL GRAVITY (DEC. A P I) :  « « .0 0
BUBBLE POINT PRESSURE (P S IA ): 0 .0 0
GAS LIQUID RATIO (SC F/STB L): Z 2 S J0 .0 0
STANDARD PRESSURE (P S IA ): 15 .0 2 5
STANDARD TEMPERATURE (DEC. F ) :  BO.00
SEPERATOR PRESSURE (P S IA ): 10 1 5 .0 0 0
SEPERATOR TEMPERATURE (DEC. F ) :  102 .0 0
INITIAL GOR (SCF/STBO): 2 2 1 3 0 .0 0
HATER SPECIFIC GRAVITY: 1 .0 0
PRODUCED GAS GRAVITY: 0 .« I
ISOTHERMAL TEMPERATURE FOR PVT MEASUREMENTS (DEG. F ) :  0 .0 0
WATER CUT (% ): 0 .0 0
MOLE FRACTION OF CARBON DIOXIDE (% ): 0 .* 2
MOLE FRACTION OF HYDROGEN SULFIDE (% ): 0 .0 0
MOLE FRACTION OF NITROGEN (% ): 0 .3 0
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c a l c u l a tio n  OF PRESSURE TRAVERSE
WHERE T «  CULLENDER AND SMITH EQUATION IS  USED
WELL OEPTH(FEET) TRUE VERTICAL OEPTHfFEET) FLOWING PRESSURE(PSIA)
0 . D. 2 8 5 1 .
< 8 5 . < 8 5 . 2 8 9 9 .
9 t 9 . 96 9 . 2 9 4 7 .
K 5 4 . 1454 . 2 9 9 5 .
1958 . 1938 . 3 0 4 3 .
2 4 2 3 . 2 4 2 3 . 3 0 9 0 .
2 9 0 7 . 2 9 0 7 . 5 1 3 8 .
3 5 9 2 . 3 3 9 2 . 3 1 8 5 .
5 8 7 6 . 3 8 7 6 . 3 2 3 2 .
< 3 6 1 . < 3 6 1 . 3 2 7 6 .
< 8 4 6 . < 8 4 6 . 3 3 2 5 .
5 3 5 0 . 5 3 2 9 . 3 5 7 1 .
5 8 1 5 . 5 7 9 8 . 3 4 1 5 .
6 2 9 9 . 6 2 5 6 . 3 4 5 9 .
6 7 8 4 . 6 7 1 4 . 3 5 0 2 .
7 2 6 8 . 7 1 7 2 . 3 5 4 6 .
7 7 5 3 . 7 6 3 0 . 3 5 8 9 .
8 2 3 8 . 8 0 8 8 . 3 6 3 2 .
8 7 2 2 . 8 5 4 7 . 3 6 7 5 .
92 0 7 . 9 0 0 5 . 3 7 1 8 .
9 6 9 1 . 9 4 6 3 . 3 7 6 2 .
10176 . 9 9 2 1 . 38 0 5 .
10660 . 10 5 8 3 . 3 8 4 9 .
11145 . 1Q8SS. 3 8 9 4 .
11629 . 113 5 1 . 3 9 3 9 .
12114 . 11 8 1 1 . 3 9 8 5 .
WELL FLOWRATE* 5 .  MHSCF/DAY
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T Æ  FOLLOWING IS  T>C 1M»UT DATA
4 9 .0  D 2 .4 4 1  0 .0 0 0 4  0 .3 5 3  2 2 5 3 0 .0  1 5 .0 2 5  1015 2851 204 22330 1 0 .4 0 7  
212 12114 0 2 12  8 0  102 1 1814 .15  102 0 0 .9 2  0 0 .3  
0 1 4 1 0 0 4 0 3 1
0 0 1 9  25 7 9 0 3 2  
0 1 1 1  4 3 .2 9 3  17 .511  9 0 .1 5
CASE NO. 2 -  SVSTENS ANALYSIS -  HAGEDOftN AND BROMJ (COMP.) 1 1 - 2
C13« 71 4 4 0 .0  4 0 .8  1 8 0 .2  1 2 5 4 .7  3 4 3 .4  0 .0  0 .0  0 .0
C23* 72 7 1 5 .0  2 8 .8  3 1 4 .4  1 4 8 7 .2  1 9 2 .0  0 . 0  0 .0  0 .0
17 5  1 1 1 1  1 0 2 .0  0 .0  0 .0  2 8 4 4 .0  0 .0  0 .0  0 .5
49  44 2  3 4 5  4 7 8  10
1 .5 5 4 5  4 .8 4 1 8 4 7 7 .7 2 5 8  1 5 .3 5 1 4  3 .4 2 0 2  2 .4 4 9 7  2 .7 4 7 0  1 .2 0 7 3  0 .9 9 7 4  1 .7 5 8 5
11 12 13 14 15 71 72
2 .1 8 1 7  2 .2 2 7 4  1 .4 9 5 4  1 .3 1 9 9  0 .8 4 0 3  2 .9 4 7 5  0 .5 1 4 7
0 .7 0 8  0 .0 4 1 5 4  0 .0S 0121  12 9 0 .1 0 2 4 4  0 100 5392 441 0 
24 0 0 15 0 0 0 1 .0  5  0 
245 0 
1 1 1 0
0 .4  7 2  0 .5 5  7 25000 0 
4 1 5
10 20  7000 0 0 0 13000 0 0 0 
5 042  8 8 .0 4 2 5  3
5 249  8 5 .3 3 3 0  5 
5 529  7 7 .7 9 1 7  3 
5809 7 1 .0 0 0 0  3 
10340 7 3 .5 0 0 0  3 
10740 7 7 .4 0 0 0  3 
11440 8 2 .4 9 2 3  3
1 0 8 7 .0 0 0  1 1 2 .5
2 1 4 4 .0 0 0  1 2 3 .1
5 0 8 7 .0 0 0  1 3 4 .4
4 0 8 7 .0 0 0  1 4 5 .9
5 0 8 7 .0 0 0  1 5 4 .5
7 0 1 0 .0 0 0  1 7 4 .5
8 8 9 8 .0 0 0  1 9 3 .4
10 8 0 3 .0 0 0  2 8 3 .7
1 1 7 4 4 .0 0 0  2 0 5 .4  
7
2400 2800 3200 
0 
0
11
2 4  4 8  12 
0 
0
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RESERVOIR DATA 
m m # # » ######*#*##
BACK PRESSURE EXPONENT: 0 .7 1
BACK PRESSURE CONSTANT: 0 .0 4
TOTAL FLUIDS COMPRESSIBILITY ( 1 /P S I ) : 0 .0 0 0 1 2 1 0 0
RESERVOIR THICKNESS (F T ): 1 2 .0 0
RAMEY -D “ TERM: 0 .10E «00
FLOW EFFICIENCY: 0 .0 0
EROSIONAL CONSTANT: 1 0 0 .0 0
AVERAGE RESERVOIR PRESSURE CPSIA): 5 5 9 2 .0 0
RESERVOIR PERMEABILITY CMD): < 4 1 .0 0
i fL L  PRODUCTIVITY INDEX (S T B O /D /P SI): 0 .0 0
POROSITY (% ): 2 4 .0 0
VOGEL TEST PRESSURE ABOVE BUBBLE POINT (P S IA ): 0 .0 0
VOGEL TEST PRESSURE BELOW BUBBLE POINT (P S IA ): 0 .0 0
VOGEL TEST FLOWRATE ABOVE BUBBLE POINT (STBO/D): 0 .0 0
VOGEL TEST FLOWRATE BELOW BUBBLE POINT (STBO /D ): 0 .0 0
RESERVOIR EXTERNAL RADIUS (F T ) : 0 .0 0
HELLBORE RADIUS ( IN ) : 5 .0 0 0
RESERVOIR AREAL EXTENT (SO. F T ): 0 .0 0
RESERVOIR FLUID RELATIVE PERMEABILITY: 1 .0 0
RESERVOIR SKIN EFFECT: 2 4 5 .0 0
RESERVOIR TEMPERATURE (DEC. F ) : 2 1 2 .0 0
PRODUCTION TIME (HRS): 0 .0 0
COMPLETION DATA
COMPACTED ZONE PERMEABILITY FRACTION: 
PERFORATED INTERVAL tP T ) :
PERFORATION LENGTH ( IN ) :
PERFORATION OIAfCTER ( IN ) ;
NUMBER OF SHOTS PER FOOT:
GRAVEL PERMEABILITY (KD):
O.SO
9 .0 0  
7 .0 0 0  
0 .5 S 0
2 .0 0  
2 5 0 0 0 .0 0
TUBING DATA 
■■■■■■•■■■■■a
DIAMETER ( IN ) : 2 .4 4 1
ABSOLUTE ROUGWCSS ( IN ) : 0 .0 0 0 4 0 0 0
p r e s s u r e  (P S IA ): 2 8 5 1 .0 0
ICLUCAD TEMPERATURE (DEC. F ) ; 10 2 .0 0
FLOWING BOTTOTMOLE TEMERATURE (DEC. F ) : 2 1 2 .0 0
TOTAL MCASURED DEPTH (F T ) : 12 1 1 4 .0 0
TRUE VERTICAL DEPTH (F T ) : 11 0 1 4 .1 5
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FLUID PROPERTIES 
■«■■■■«•■■■■■■■■■a
OIL CKAVITY (DEC. A P I) : « « .0 0
BUBBLE POINT PRESSURE (P S IA li  0 .0 0
GAS LIQUID RATIO IS C F /S T 8 L ): Z 2 5 S 0 .0 0
STANDARD PRESSURE IP S IA I :  1 5 .0 2 5
STANDARD TEMPERATURE (DEC. F I :  B O .00
SEPERATOR PRESSURE (P S IA ) :  1 0 1 5 .0 0 0
SEPERATOR TEMPERATURE (DEC. F ) :  1 0 2 .0 0
INITIAL COR (SCF/STBO): 2 2 :1 0 .0 0
NATER SPECIFIC GRAVITY: 1 .0 0
PRODUCED GAS GRAVITY: O . t l
ISOTHERMAL TEMPERATURE FOR PVT MEASUREttNTS (DEC. F I :  0 .0 0
NATER CUT (X I: 0 .0 0
HOLE FRACTION OF CARBON DIOXIDE (X I: 0 .« 2
MOLE FRACTION OF HYDROGEN SULFIDE (X I: 0 .0 0
HOLE FRACTION OF NITROGEN (X I: O.SO
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CALCXATION OF IPR CURVE FOR A CAS RESERVOIR
WERE TIC  RACXPRESSURE EQUATION IS  USED: PVT PROPERTIES ARE CALCULATED AT RESERVOIR TEMPERATURE AND
WELL FLONRATEIMMSCF/DAYl FLOHINO SANDFACE PRESSURE(PSIA)
0 .5 0 5358
1 .0 0 5247
2 .0 0 4994
S .00 4 ( ( 8
4 .0 0 4259
5 .0 0 3753
( .0 0 S i l l
7 .0 0 2227
7 .9 9 0
9 .0 0 0
1 0 .0 0 0
1 1 .0 0 0
1 2 .0 0 0
1 3 .0 0 0
1 4 .0 0 0
1 5 .0 0 0
K .O O 0
1 7 .0 0 0
1 8 .0 0 0
1 9 .0 0 0
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CALCULATION OF TUBING CAPJCITY CURVE FOR SYSTEM ANALYSIS PROBLEM
NELL FLOHRATECMMSCF/DAY) FLOWING BOTTOMMOLE PRESSURE (PSIA )
1 . 5495
1. 5496
5509
s . 5551
A. 5561
5599
6 . 5645
7 . 5695
5752
* . 5817
10. 5887
11 . 5962
12. 4044
15. 4150
14. 4222
15. 4518
16. 4419
17. 4524
18. 4655
19. 4746
FLOWING WELLHEAD PRESSURE (P S D  ■ 2 6 0 0 .0 0
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
- 2 6 0 -
c a lc u l a tio n  OF TUBING CAPICITV CURVE FOR SYSTEM ANALYSIS PROBLEM
HELL FLOHRATEtMMSCF/OAY) FLOWING BOTTOMLE PRESSURE (P S IA )
1 . S 7 4 9 .
1 . 3 7 5 2 .
2 . 3 7 6 4 .
5 . 3 78S .
4 . 3 8 1 0 .
5 . 3 8 4 4 .
4 . 3 8 8 5 .
7 . 3 9 5 2 .
B . 5 9 8 6 .
9 . 4 0 4 8 .
10 . 4 1 1 4 .
1 1 . 4 1 8 7 .
1 2 . 4 2 6 5 .
I S . 4 5 4 8 .
14 . 4 4 5 7 .
15 . 4 5 3 0 .
16 . 4 6 2 7 .
17 . 4 7 2 9 .
18 . 4 8 5 6 .
19 . 4 9 4 6 .
FLOWING WELUtAD PRESSURE (P S D  « 2 8 0 0 .0 0
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CALCULATION OF TUBING CAPICITY CURVE FOR SYSTEM ANALYSIS PROBLEM
NELL F L M A T E C M C C F /D A V ) FLOWING BOTTOMMOLE PRESSURE (PSIA)
1 . 4254
1. 4257
42CB
3 4285
« . 4309
4340
437C
7 . 4419
4467
9. 4525
10 . 4583
11 . 4649
12 . 4720
15 . 4797
14 . 4878
I S . 4964
1C. 5055
17. 5150
IB . 5250
19 . 5352
FLOWING WELLfCAO PRESSURE (P S D  « 3 2 0 0 .0 0
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c a l c u l a tio n  OF PRESSURE DROP ACROSS PERFORATIONS FOR A GAS RESERVOIR
WHERE THE COMPLETION TYPE IS  GRAVEL PACK
WELL FLOWATECmSCF/OAY) PRESSURE DROP ACROSS THE PERFORATIONS (PSIA )
O.SO 52
1 .0 0 199
2 .0 0 8 59
S . 00 2297
« .0 0 0
5 .0 0 0
« .0 0 0
7 .0 0 0
7,99 0
9 .0 0 0
1 0 .0 0 0
1 1 .0 0 0
1 2 .0 0 0
1 3 .0 0 0
1 4 .0 0 0
1 5 .0 0 0
K .O O 0
1 7 .0 0 0
1 8 .0 0 0
1 9 .0 0 0
PERFORATION SHOTS PER FOOT ■ 2 .0 0
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c a l c u l a tio n  OF PRESSURE DROP ACROSS PERFORATIONS FOR A CAS RESERVOIR
COMPLETION TYPE IS
IATEÏMMSCF/DAV)
GRAVEL PACK 
PRESSURE DROP ACROSS THE PERFORATXONSCPSIA)
O.SO 1 4 .
1..00 5 2 ,
2 ,,00 2 0 4 .
3 .00 4 8 8 .
4 ,.00 9 7 2 .
5 .00 1995 .
«..00 0 .
7..00 0 .
7..99 D.
9..00 0 .
10..00 0 .
11..00 0 .
12..00 0 .
13..00 0 .
14..00 0 .
15..00 0 .
14..00 0 .
17..00 0 .
18 .00 0 .
19 .00 0 .
PERFORATION SHOTS PER FOOT ■ A .00
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CALCULATJON OF PRESSURE WOP ACROSS PERFORATIONS FOR A CAS RESERVOIR
WERE THE COMPLETION TYPE IS  OtAVEL PACK
t c u  FLOWRATE CHMSCF/OAV) PRESSURE DROP ACROSS THE PERFORATIONS(PSIA)
O.SO 7 .
1.00  2 4 .
2 .0 0  9 3 .
3 .0 0  2 1 $ .
4 .0 0  4 1 3 .
5 .0 0  7 4 3 .
$ .0 0  1484.
7 .0 0  0 .
7 .9 9  0 .
9 .0 0  0 .
10.00  0 .
1 1 .0 0  0 .
1 2 .0 0  0 .
1 3 .0 0  0 .
1 4 .0 0  0 .
1 5 .0 0  0 .
1 $ .0 0  0 .
1 7 .0 0  0 .
1 8 .0 0  0 .
1 9 .0 0  0 .
PERFORATION SHOTS PER FOOT « $ .0 0
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c a lc u l a tio n  OF PRESSURE DROP ACROSS PERFORATIONS FOR A CAS RESERVOIR
WHERE THE CO»fLETION TYPE IS  GRAVEL PACK
WELL FL0HRATE(*M5CF/DAV) PRESSURE DROP ACROSS THE PERFORATIONS(PSIA)
0 .5 0 4
1 .0 0 14
2 .0 0 54
S . 00 123
4 .0 0 252
5 .0 0 405
4 .0 0 729
7 .0 0 0
7 . 9 ) 0,
9 .0 0 0
1 0 .0 0 0,
1 1 .0 0 0
1 2 .0 0 0.
1 5 .0 0 0
1 4 .0 0 0
1 5 .0 0 0
1 6 .0 0 0
1 7 .0 0 0
1 8 .0 0 0
1 9 .0 0 0
PERFORATION SHOTS PER FOOT « 8 .0 0
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c a l c u l a tio n  OF PRESSURE DROP ACROSS PERFORATIONS FOR A GAS RESERVOIR
IRCRE TW  COMPLETION TYPE IS  GRAVEL PACK
NELL FLOWIATE(tMSCF/DAYI PRESSURE DROP ACROSS TIC PERFORATIONSCPSIA)
0 .5 0 2 .
1 .0 0 7 .
2 .0 0 2 5 .
3 .0 0 5 4 .
4 .0 0 1 04 .
5 .0 0 179 .
4 .0 0 3 0 7 .
7 .0 0 4 3 7 .
7 .M 0 .
9 .0 0 0 .
1 0 .0 0 0 .
1 1 .0 0 0 .
1 2 .0 0 0 .
1 3 .0 0 0 .
1 4 .0 0 0 .
1 5 .0 0 0 .
1 4 .0 0 0 .
1 7 .0 0 0 .
1 8 .0 0 0 .
1 9 .0 0 0 .
PERFORATION SHOTS PER FOOT •  1 2 .0 0
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LOG 1C DIAGRAM FOR COMPUTER PROGRAMS TENSAPC AND TENSAP2
CHARACTERIZE 
C7 + FRACTION
RECOMBINE
WELL STREAM
EXTERNAL PROGRAM 
CONDENSATE MODEL 
ONLY
------- »|START I
1
[READ INPUT DATA SET |
i
COMPUTE DATA FOR 
INFLOW CURVES 
(RESERVOIR)
1
COMPUTE DATA FOR 
OUTFLOW CURVES 
(TUBING;
1
COMPUTE DATA FOR 
INFLOW CURVES 
(PERFORATIONS) |
El
0
0
1
(GENERATE A PLOT |-------- >|ÏT|
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PRESSURE YES
TRAVERSE ONLY ?
1NO
CALCULATE NO
IPR CURVE ? > [r e t u r n  I
1YES
YES
IPR
NO
YES
IPR
NO
YES
NO
YES
NO
YES
NO
JONES EQUATION
DARCY’ S EQUATION
TRANSIENT EQUATION
BACKPRESSURE EQUATION
BACKPRESSURE EQUATION
wt s
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I-------------------- 1 y e s
|1PR = 6 ?|---------- >
Ï NO
|IPR = t T ] -
YES
1NO
|lPR = 8 T|-
YES
i NO
YES
|1PR = 9 ? I 
|1PR = io"T|—
jlPR = 12~T|-- --
DARCY’ S EQUATION 
(GAS /  [ P * f g  + P ^ ] )
JONES EQUATION 
(GAS /  t P y f s  + Pj . ] )
TRANSIENT EQUATION 
(GAS /  [ P „ f s  + P p ] )
CONSTANT PI 
( O I L  /  Pj>)
DARCY’ S EQUATION 
( O I L  /  Fj.)
JONES EQUATION 
(OIL /  Fj.)
TRANSIENT EQUATION 
( O I L  /  Fj.)
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YES
13 ?
NO
YES
NO
YES
IPR
NO
YES
IPR
NO
YES
NO
YES
NO
YES
[RETURN I
VOGEL’S EQUATION
DARCY’S EQUATION
wt s
JONES EQUATION
wf s
TRANSIENT EQUATION
wf s
VOGEL’S EQUATION
wf s
VOGEL-DARCY EQUATION
VOGEL-DARCY EQUATION
wf s
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0
CALCULATE 
TUBING/TRAVERSE 
CURVE ?
NO
i YES
(RETURN I
YES
NO
YES
NO
YES
NO
YES
NO
PVT PROPERTIES 
"BLACK OIL"
TRAVERSE 
CULLENDER / SMITH 
EQUATION (GAS)
TUBING CURVES 
CULLENDER / SMITH 
EQUATION (GAS)
PVT PROPERTIES 
CONDENSATE
TRAVERSE 
2-9 FLOW CORRELATIONS 
(OIL / CONDENSATE)
TUBING CURVES 
2-9 FLOW CORRELATIONS 
(OIL / CONDENSATE)
COMPUTE FLOWING GRADIENTS 
IN TUBING STRING 
(FIGURE 7.2)
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PRESSURE YES
TRAVERSE ONLY ?
' ' ' /m
i NO
RETURN
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□ p e f o r a t T ü nPERFORMANCE ?
NO
1 YES
IPDP = G ? |-
YES
1NO
IPDP = 1 ?D
YES
1NO
IPDP = 2 ?|
YES
1NO
IPDP = 3 ?
YES
i NO
IPDP = a T]-
YES
NO
(RETURN I
(RETURN I
-> (r e t u r n I
OPEN p e r f o r a t i o n  
(GAS)
GRAVEL PACK 
(GAS)
OPEN PERFORATION 
(OIL)
GRAVEL PACK 
(OIL)____
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B  >|d r a w p l o t  ? I
NO
jsTOP I
!YES
IPTYPE = 1 ?
YES PLOT
TRAVERSE
i NO
[p TYPE = 2 ? I
YES PLOT
SYSTEMS ANALYSIS CURVES 
(DIFFERENTIAL)
i NO
|PTYPE = 3 ? I 
PTYPE = 4 ? I
YES PLOT
SYSTEMS ANALYSIS CURVES 
(NODAL)
[ YES PLOTSYSTEMS ANALYSIS CURVES (SENSITIVITY)
NO
|STOP I
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